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ABSTRACT 


The synthesis radio telescope at the Dominion Radio Astrophysical 
Observatory at Penticton, British Columbia has been modified to observe 
Simultaneously with a second continuum channel. To accomplish this, 
the 1420 MHz feed horns were modified and new independent receivers 


were added to the telescope. 


The new dual-frequency feed consists of a coaxial-cavity feed horn 
designed for 1420 MHz operation within which 408 MHz monopoles have 
been placed. These probes excite the horn as a cylindrical waveguide 
horn. The presence of these probes has a negligible effect on the 1420 
MHz performance. The edge illumination of the parabolic reflector by 
this feed is ~10 dB. The combination of the feed and reflector has the 
following performance: 5.3° half-power beamwidth; 60% aperture 
efficiency; 30K spillover; 52K zenith temperature excluding the 


galactic contribution. 


A highly phase stable receiver has been developed that corrects 
for the signal path length uncertainties from the receiver mixers to 
the intermediate frequency outputs. The stability of the receiver is 
at least seven times better than earlier receiver systems that only 
stabilized the local oscillator phase. The receiver uses GaAsFET low 
noise amplifiers with an effective noise temperature of 50K, which 
results in a typical system temperature of 104K excluding the galactic 


contribution. 
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The design of this system is described in this thesis. Detailed 
analysis of the phase locked loop in the local oscillator is also 
included. System tests are described and preliminary results from the 


first complete survey at 408 MHz (the HB3 supernova remnant) are shown. 
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CHAPTER 1: BACKGROUND THEORY AND JUSTIFICATION OF 408 MHZ TELESCOPE 


A. Introduction 


For the length of man's collective memory, the sky with its 
luminous bodies has been viewed with wonder. It is this curiosity that 
has motivated the construction of new and better telescopes. The 
system to be described has added a second observing frequency to an 
existing radio telescope and will allow astronomers to learn more about 
the structure, composition, and dynamics of objects within and outside 


the galaxy. 


In this chapter the fundamental theory explaining the sources of 
radio emissions as well as the basic principles of aperture synthesis 
imaging with radio telescopes will be put forth. The Supersynthesis 
Telescope (SST) at the Dominion Radio Astrophysical Observatory (DRAOQ) 
will also be described and the need for an additional observing band of 
frequencies on this telescope will be justified. Further chapters wil] 
describe the design and testing of the dual-frequency feeds and highly 
stable receivers, and will also present the first observations made 


with the telescope. 
B. Mechanisms of Radio Emission 
After Hertz's verification of Maxwell's Equations, a number of 


experimenters attempted without success to measure the electromagnetic 


radiation at radio frequencies from celestial objects such as the sun. 
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The first detection of radio waves of extraterrestrial origin occurred 
when Jansky (1933) identified the galactic center as the origin of 

20 MHz radio noise. Reber (1940, 1944) made the first radio maps of 
the sky at 160 MHz and 480 MHz. Other workers have built instruments, 
some of which followed up these early efforts with greater sensitivity 
and resolution; others explored the sky at different wavelengths, 


including infrared, ultraviolet, and x-ray radiation. 


Radio emissions can be divided into two classes: broadband or 
continuum radiation and narrow band radiation from spectral lines. 
Radio spectral lines (both emission and absorption), like optical 
lines, are the result of quantum changes in energy levels of atoms or 
molecules and are related to frequency by Planck's constant. The best 
known radio spectral line is the neutral hydrogen line at 1420 MHz 
(A=2lcm) which is the result of a small energy change when the spin 
direction of the electron changes (van de Hulst 1945). Line 
observations are useful because the emission is highly monochromatic at 
a well known frequency which enables velocity measurements to be made 
using the Doppler effect. The neutral hydrogen in our own galaxy as 
well as others has been mapped using this technique (Qort, Kerr and 


Westerhout 1958). 


Continuum radiation is the result of other mechanisms which can be 
deduced from the shape of the spectrum. One type of continuum is 


"free-free" emission (Henyey and Keenan 1940) which is a thermal 
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process that involves the interaction of free electrons and protons in 
clouds of ionized hydrogen (termed HII regions). At low frequencies 
the spectrum rises with an intensity proportional to f? until a 
turnover frequency is reached where the intensity becomes proportional 
to frel, At low frequencies the cloud is called “optically thick" 
because of its high attenuation of radio waves propagating through it. 
As a result, the radiation from this region is primarily due to thermal 
radiation from the cloud itself. The Rayleigh-Jeans approximation to 
blackbody radiation can be used to describe the emission, and from this 
relation comes the f* dependence. As the frequency increases, the 
cloud becomes largely transparent or “optically thin" and radiation is 
due to either background sources or the cloud itself. At these 
frequencies the attenuation is a function of frequency (f-**!) and the 
net effect is an almost exact cancellation of the frequency dependence 
Causing the spectrum to flatten. This type of emission can be seen 
around regions of recent star formation. After the star condenses out 
of a cloud of cold neutral hydrogen, it ionizes the surrounding 
hydrogen with ultraviolet radiation. The Orion nebula, a well-known 


optical object, is an example of an HII region. 


A second continuum radiation mechanism is synchrotron emission, 
which is the result of relativistic electrons (a component of cosmic 
rays) moving through interstellar magnetic fields (Kiepenheuer 1950). 
As they are decelerated, electromagnetic radiation is emitted. Objects 


such aS supernova remnant shells, radio galaxies, and jets from radio 
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galaxies can be observed via synchrotron emission, and have spectra 
with intensity proportional to f-% where a is between 0.3 and 0.9 


typically. 


It should now be apparent that observations at a number of 
frequencies help to identify the type of object and to understand the 
physical processes occurring within the object. Figure 1.1 shows the 


two types of continuum spectra described above. 


C. Aperture Synthesis Theory 


Telescopes with large apertures are desirable for two reasons: 
*.the greater the collecting area, the greater the telescope's 
sensitivity; and apertures of larger extent have narrower reception 
beams and allow the fine structure of sources to be studied. 
Unfortunately, the size of radio telescopes is limited by the strength 
of the materials that they are made of. The 100m Effelsberg dish in 
West Germany is the largest fully steerable filled-aperture radio 
telescope in the world. The Arecibo antenna in Puerto Rico at 300m is 
larger, but it can only point near the zenith. Fortunately, the 
technique of aperture synthesis can be used to produce the same 
results that telescopes kilometres or even thousands of kilometres in 


diameter would obtain if they existed (Blythe 1957). 


vo atin ni iin 8 we 
€.0 ving £0 nese 0 


to tsdmut ste: et ttsvieddo, Jt? soorwans sd won biwoda ST 

ont brstershnw. of bie toefse Tody gy ont yPCINSeh oF 
ad? ewore LF aheptd .tuehdo get rbty partion 
-ayods. bedi4 32a" eT 3942 ouyerzies Wee 


agetl 2 zacin 
4s 

anbges)) out re? aldkalach Se ews aqe Sars thw fs we 

#'sqon2gler ety 1ese0% and , oss pot tcattoo ome 
novtosoe* NbtMen Wad Inatxs agtol We zopudnge bie pyrivts + 

Hebyte- ed of 29771002 Yo dwit2Gtte oni gat wolle wets 

dtudarte ant yg oak al cegpepesies olmet, to aha aie wel “i lee | 

nt dete o4edaiatG wOf aA. sty gabon 78! ait tag). 2fsinetew to 

olasy studregs-beTli? gicwveste vio? saegmh mee at synaaniih 

2} mOOE 34 ODA oS809 Nf enostAs Cdtoeth off ito amd af & 

ant ,yiedenn2104% Agnes 9 seem antog gna Mp A A068 


—/* : a 7 ee = ie aie a a se 


ee ee ne 2 


Synchrotron 


slope~-.1 
tees 
I] 
~m~Wee we 


log Flux 


ig _slope~2 


log Frequency 


Typical Continuum Radio Spectra 


Figure 1.1 
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An intuitive argument can be used to show that this is possible. 
Consider first a large reflector antenna. Waves reflecting off the 
surface meet at the focus and reinforce or cancel depending on the 
sources’ locations relative to the telescope pointing. Now suppose 
that the sources have constant brightness so that the amplitude and 
phase of waves reflecting off different parts of the dish do not change 
with time. Because of this time invariance, only a small part of the 
reflecting surface need be present at any one time, as long as the 
amplitude and phase of the wavefront are preserved in the recording 
process at the focus. Over a period of time, the small piece of 
reflecting material is moved to all parts of the dish surface and as 
all the wavefronts are recorded, an image is formed at the focal plane. 
The phase information can be preserved if two reflecting panels are 
used, one of which is stationary and provides a phase reference while 
the other is moved. This minimum set of apparatus is known as an 


interferometer. 


Much more rigorous explanations of aperture synthesis exist 
(Fomalont 1973, Fomalont and Wright 1974). The explanation to be given 
here is similar to that used by Dewdney (1978). This theory will help 


establish some of the specifications of the receiver system. 


A basic interferometer (see Fig. 1.2) consists of two antennas 
separated by a baseline B connected to cables that carry the output of 


the receivers to a central point, where the signals are 
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crosscorrelated. The correlator multiplies the two signals together 
and a lowpass filter extracts the difference product, which contains 
information on the amplitude of the signals intercepted by the 
antennas, and the phase difference between the two signals which arises 


as a result of the array-source geometry. 


Now suppose the response of the interferometer is mapped by moving 
a monochromatic test source on the celestial sphere while noting the 
correlator output. (The "celestial sphere" has earth at its centre, 
and is arbitrarily large so that effects of the interferometer's 
displacement from the centre of the earth is negligible.) Of course 
the output will be modified by the antenna beams and by shadowing by 
the earth, but for the moment these two effects will be ignored. The 
array iS rotationally symmetric about the line joining the two 
antennas, so if the source moves within a plane perpendicular to the 
line B, the correlator output does not change. However, moving the 
source within a plane which contains the line B changes the source- 
array geometry and the correlator output changes. Figure 1.2 shows 
that the correlator output for a source of unity intensity is: 

C(a)=Ged2m(B/A) sing 
where G is the gain of the interferometer and 4 is the observing 


wavelength. 
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Basic Interferometer 


Figure 1.2 


Now suppose that the baseline is aligned in an east-west 
direction. As the earth rotates, this two-dimensional interferometer 
pattern sweeps across the sky and the correlator real channel output 
has quasi-sinusoidal fluctuations, or fringes. The output of the 
correlator at any one time is the complex sum of the source intensities 
after they have been multiplied by the interferometer response. At 
other times the fringe pattern on the sky is aligned in different 
directions with respect to the sources, and the correlator outputs 
(called visibilities) can be different. Since the interferometer 
response is known, with enough independent visibility measurements 
(obtained by observing at different times and with different 
baselines), the brightness distribution in the sky can be deduced and a 


map drawn. 


For practical reasons, the visibility measurements occur in 
discrete intervals of time, the baseline is adjusted in fixed step 
sizes, and the map of the sky is drawn with a regular grid of pixels. 
Thus these numbers can be placed in matrices. The measured 
visibilities and the gridded sky brightness can be related as follows: 

V = el 
V is a matrix containing the visibilities, I has the sky 
brightness distribution and e contains the computed interferometer 
responses for the source pixel locations in I and for the 
measurement position in V. Inversion of the above equation will 


produce a map of the sky. If the angle 9 is small, the interferometer 
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response can be approximated by 

Ged (B/2 )e 
and when this is substituted into the above equation, the brightness 
distribution is related by the discrete Fourier transform to the 
visibility measurements. This is the usual case, and for this reason 


visibilities are often called the Fourier components of the map. 


There are only two points on the celestial sphere where the angle 
6 is small for all rotation angles of the earth - the two celestial 
poles. So far the fringes on the sky have been fixed with respect to 
the earth, but they can be rotated at will by injecting the proper 
phase into the receivers. Thus, the fringes can be stopped at any 
point in the sky. Since the position angle of the array baseline 
- viewed from the source rotates through 360° in 24 hours, the fringes 
also rotate about this point in the sky. In other words, the 
interferometer's "north pole" or phase centre can be moved to any point 
on the sky through "fringe stopping". When the field of view is 
restricted by the antennas' primary patterns, the fringe rate is smal] 
since observed sources are near the phase centre. The slower fringes 
are advantageous because this allows the use of integrators with longer 
time constants. The restricted field of view means that there are 
fewer sources in the map (than the entire sky) and hence fewer 
visibility measurements are needed to unambiguously define the source 


positions and strengths. 


Another modification to the basic interferometer is necessary to 
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allow it to measure any point on the sky: the time delay from the 
source through the antennas and receivers must be equalized. This is 
necessary because the signals from the sky are broadband noise, and 
decorrelation occurs if the two signals are offset in time in the 


correlator. 


This technique is known as earth rotation aperture synthesis or 
Supersynthesis (Ryle 1962) since the earth's rotation is used to scan 
the area to be mapped with the interferometer response pattern. Almost 


all modern radio telescope arrays utilize this method. 


It is apparent that to obtain an accurate map, the matrix e 
must be well known. Instrumental gain and phase can be determined with 
calibration observations of isolated point sources for which the 
visibilities are easy to calculate. During regular observations 
between calibrations the stability of the system must be depended 


upon. 


D. The DRAO Supersynthesis Telescope 


The DRAO SST is located in a semi-arid mountain valley near 
Penticton, British Columbia. The primary observing frequency is 
nominally 1420 MHz and the instrument can map a 2°x2° region of the sky 
with 1 arcminute resolution. The telescope can simultaneously produce 
continuum radiation maps and spectral line maps of neutral hydrogen 


emission (absorption). Details of the instrument and performance 
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statistics are given by Roger et al (1973) and Purton (1983). The 
telescope is shown in Plate 1. This thesis describes the modification 


of the telescope to produce continuum maps at 408 MHz simultaneously 


with its 1420 MHz outputs. 


The antenna array consists of four 9 metre paraboloidal reflector 
antennas on an east-west baseline 600 metres long. Two antennas are 
fixed at each end of the baseline, while the other two can be moved 
along a precision railway track. The track is 300 metres long and runs 
from the centre to the west end of the array. Seventy observing 
locations are marked along the track, so for a complete survey with 
both movable dishes, thirty-five 12-hour observing periods are 


required. 


The individual antennas are prime focus reflector antennas. The 
receiver front end electronics (low noise amplifier, mixer, local 
oscillator, and intermediate frequency amplifier) are located 
immediately behind the feed in a temperature controlled enclosure 
called the focus box. The dishes are on equatorial mounts, and the 


positioning is automatically controlled by the observing computer. 


Coaxial cables run from the dishes to the centre of the telescope 
where they enter the Synthesis Telescope building. The cable is buried 


in the sandy ground along most of its length. Three cables are 
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Plate l. 


This is a view of the DRAO Synthesis Telescope as seen from the 


west. All four dishes along with the precision railway track are 


visible. 
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supplied to each dish: one for the 1420 MHz local oscillator; one for 


the 1420 MHz intermediate frequency; and a spare. 


This telescope has a wide field of view and moderate resolution 
when compared with other instruments. This makes the instrument very 
well suited for mapping objects that are within our own galaxy, some of 
which have an angular extent larger than the field of view of other 
telescopes. Although astronomers are continually striving for greater 
resolution, the moderate resolution of this telescope does have an 
important advantage. As the resolution is increased, the sensitivity 
to extended structures (as opposed to point sources) decreases since 
less power is captured by the narrower beam from broad structures, but 
the same power is received from point sources. Thus the wide field of 
view coupled with the moderate resolution and good sensitivity to 
extended sources makes the telescope very useful in the study of 
Supernova remnants and HII regions. Examples of such observations are 
given by Landecker et al (1982) and Dewdney and Roger (1982). The 
telescope has also been used to observe extragalactic objects such as 


the Andromeda Galaxy and clusters of galaxies. 


E. Justification of 408 MHz Addition to Telescope 


A second continuum observing frequency on the SST will be valuable 
for a number of reasons. The spectral indices of sources will be 


determined rapidly by comparing the two maps produced. Previously, 
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observations from other observatories had to be used if they were 
available. With the second observing channel, these measurements will 
be made simultaneously and with a telescope whose instrumental 
parameters are very accurately known, and similar in nature to those of 


the primary frequency. 


Another reason for adding a low frequency channel to the SST is 
that the intensity of synchrotron emissions increases with decreasing 
frequency so that the telescope will become better able to observe 
broad, diffuse structures. This capability is also aided by the 
improvement in sensitivity due to the broader synthesized beam of the 


second frequency system. 


The frequency of 408 MHz was selected for a number of reasons. It 
is a protected frequency band (406.1 to 410 MHz) with radio astronomy 
as the primary user (ITU 1982). Other radio astronomy bands exist at 
327 MHz and 610 MHz, but 408 MHz was chosen for these reasons: 

- a compact 327 MHz feed would be more difficult to build than 

a 408 MHz feed; 

- the resolution would be lower at 327 MHz 
- the ionosphere is (408/327)2=14 times worse at 327 than 

408 MHz; 

- a full-sky radio survey at 408 MHz exists (Haslam et al. 

1981, 1982) which can be used to supply the very short 


interferometer spacings that cannot be measured. 
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A low frequency observing capability is also considered to be 
desirable by other observatories. At the Very Large Array in the 
United States and at the Westerbork Synthesis Radio Telescope in the 
Netherlands 327 MHz feeds and receivers are being developed (Napier 
1982, de Bruyn and van der Hulst 1983) and low frequency channels will 


be included on the Australia Telescope. 


F., What Has Been Done 

Prior to the commencement of this thesis project some work had 
been done by myself and other workers. The general specifications for 
the second channel were written by Landecker (1980). The new 1420 MHz 
feeds had been developed by myself and others, although the 408 MHz 
- feed structure had not been developed yet. As I began my work, Lo was 


completing a unique digital correlator (Lo 1982). 


The microprocessor-based digital correlator or Digital Signal 
Processor (DSP) does a number of processes in software which were 
previously done with hardware: the correlator imaginary channel is 
obtained from the real channel by a scheme of interpolation; fringe 
derotation phase is injected after the correlator, and not before as 
with most previous synthesis telescopes; and the fine delay 
compensation is done by interpolating between measurements at discrete 
delay steps. As well, coarse delay compensation is performed with 
digital gates so that the large analog cable delay lines as used with 


the 1420 MHz system are not required for the 408 MHz system. 
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Traditional complex correlators actually consist of two 
correlators: one that provides the real part of the correlation 
coefficient; and another correlator that is identical except for a 90° 
phase shift applied to one input so that the output is rotated 90° and 
the imaginary part of the correlation coefficient appears. This phase 
shift can also be applied after correlation to obtain the imaginary 
channel. In the microprocessor implementation, 16 correlations 
separated by delay steps are obtained with digital hardware, and the 
real channel component at zero delay is obtained through interpolation. 
The imaginary channel is then obtained with a different interpolation 
function. This complex pair of numbers is then phase shifted (to stop 
the fringes) to obtain the correct visibilities. These visibilities 
are calculated for all interferometer pairs and are transmitted to the 


host computer which accumulates and writes the numbers onto hard disk. 


The DSP also controls the local oscillator phase in 90° steps, so 
that the interferometer can be calibrated, and for phase switching of 


the receiver in regular observations. 


G. What Had To Be Done 


Receivers and feeds for each of the four dishes were required with 


the following specifications: 
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- nominal centre frequency of 408 MHz; 

- 4 MHz bandwidth; 

- high degree of gain and phase stability; 

- intermediate frequency and local oscillator to share the same 
cable running from the dish to the synthesis telescope building; 

- local oscillator phase controllable in 90° steps; 

~ 408 MHz feed structure that does not degrade 1420 MHz operation; 


- antennas that combine maximum efficiency with minimum spillover. 


The next two chapters will explain how these general specifications 
were met, and the last chapter will describe observations that 


demonstrate the performance of the telescope. 
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CHAPTER 2: 408 MHZ ANTENNA 


A. Introduction 


The feed horns for the dishes of the SST have been replaced with 
new feeds that not only improve the primary observing frequency (1420 
MHz) performance, but also allow the dishes to receive 408 MHz 
radiation simultaneously. This new design originated with a single 
frequency coaxial feed horn for 1420 MHz that had a higher aperture 
efficiency with lower spillover noise than the old rectangular horn. 
Adding the structures necessary for 408 MHz reception did not degrade 
the primary frequency feed quality. The following antenna parameters 
were measured at the new frequency: aperture efficiency of 60%; 
antenna temperature at the zenith of 73K, and half-power beamwidth of 
5.3°. This section will outline the design and testing of this new 


feed, emphasizing the 408 MHz aspects. 


1, Requirements for a "Good" Reflector Antenna Feed 


An ideal antenna would receive radiation from only one direction 
and reject completely radiation from all other directions. This can 
only be approximated in practice. For a prime focus reflector antenna 
the closeness to ideality depends upon two components - the reflector 
(its diameter and surface accuracy being crucial) and the 
characteristics of the feed antenna. Since for this project the 


reflecting surfaces were in existence, the only way to modify the 
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radiation characteristics of the antennas was to change the feed 


antennas. 


From the transmitting point of view, the feeding antenna should 
illuminate the reflecting surface and nowhere else. Power radiated 
elsewhere is wasted power - it is not focused by the parabolic surface 


towards the desired direction. This is called spillover. 


The reflector should be illuminated as uniformly as possible. If 
less than the full reflecting surface is illuminated, the width of the 
radiating aperture is smaller, and from the Fourier transform relation 
(Bracewell 1965), the width of the radiation pattern is greater than 
necessary. This means that the power is radiated over a larger solid 


angle, and the power radiated in the desired direction is reduced. 


Both of these ideas can be looked at from a receiving point of 
view. If a reflector antenna suffers from spillover, then the feed 
antenna receives not only radiation off the reflecting surface from the 


desired direction, but also from beyond the edge of the dish. This 


radiation from beyond the dish edge can come from other celestial 


sources or it can be thermal radiation from the ground. Both of these, 
especially the latter, increase the noise level of the receiver, 


degrading its sensitivity. 
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The concept of aperture efficiency has been introduced from the 
transmitting viewpoint. If a receiving feed antenna receives power 
from only a small part of the reflecting surface, its efficiency is 
smaller than it could be because it is not receiving all the power 
intercepted by the reflector. In practice, only exceptional reflector 


antennas have an aperture efficiency greater than 50 or 60%. 


A number of other characteristics are desirable: 


- the radiation pattern should be circularly symmetric (ie. 
beamwidth in E plane and H plane should be identical); 
- the level of the sidelobes should be low; 


- the polarization response should be predictable. 


Given a reflector that is circularly symmetric and has an accurate 


surface, these factors are almost entirely determined by the feed. 


It is obvious that the feed parameters needed for these different 
antenna characteristics can be conflicting. For example, to keep the 
spillover low, the illumination at the dish edge should be low. This 
will probably result in lower antenna efficiency since to maximize the 
efficiency, the illumination should be high over the entire dish 
surface. Furthermore, with practical feeds, the amplitude response 
cannot drop to zero suddenly at the edge of the dish, so high edge 


illumination implies high spillover. 
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2. Antenna Test Range Measurements 


The previous discussion has outlined the type of radiation pattern 
required for a good reflector antenna feed. The design procedure for 
the feed can be described as “cut and try". The radiation patterns 
were measured with an outdoor test range, and the antenna structure was 


changed to bring the antenna pattern closer to that desired. 


Ideally, one would like to do pattern measurements in free space 
under these conditions: a source of radiation at infinity, the antenna 
under test capable of being positioned at will with respect to the test 
source, and nothing else. Of course a test range of this quality 


. cannot be realized in practice, although an approximation was possible. 


The wave from the source antenna must reach the test antenna via a 
direct path since reflected waves are received through a different part 
of the beam than that under study. To minimize reflections the test 
range was set up outdoors, away from structures containing metal such 
as buildings and fences. Reflections off the ground, test equipment 
and cables were minimized by covering these areas with mats made of 
carbon coated fibres. A simple experiment was used to test the quality 
of the test range: parallel dipole antennas were placed at the 
receiving and transmitting locations and were then rotated about the 
line connecting the two. Using the method of images, it can be shown 


that a horizontally polarized wave undergoes a 180° phase shift upon 
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reflection, while a vertically polarized wave does not. The vector sum 
of the direct and reflected rays may not be the same for the two | 
orientations. Thus by changing the plane of polarization of the pair 
of antennas with respect to the ground, reflections will be indicated 


by variation in the received amplitude. 


Another approximation that was made was to move the source antenna 
from infinity to a location closer to the earth. The minimum antenna 
separation is 2D%/ where D is the largest antenna dimension and A is 
the wavelength (Hacker and Schrank 1982). At close spacings, one is in 
the near field (a region of stored rather than radiated energy) and 
Sidelobes are difficult to resolve. With D equal to 0.6m and A equal 
to 0.73m at 408 MHz, the minimum separation was about lm. At 1420 MHz 
(A=0.21m), the minimum spacing was 3.4m. In practice 4 metres was 


used. 


The antenna test range geometry was also important. The angle at 
which the reflected wave struck the ground was made as large as 
possible to minimize the reflection. With the test range used, the 
antennas were placed 2 metres above the ground so the angle of 


incidence was about 45°. 


The quality of the test range was quite good at 1420 MHz. The 
difference between the main beam amplitudes in the two principal planes 


was less than 1 dB. The minor lobes were easily measured with dynamic 
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range of about 35 dB. This could only be done if spruious reflections 
were at a low level. The test range was not as good at 408 MHz, but it 
was still adequate. The difference in main beam amplitudes was 2-3 dB 
and the dynamic range was ~30 dB. The ground conductivity had a more 
significant effect at the lower frequency, and unfortunately, the 


summer when most of these measurements were taken was unusually wet. 


B. 1420 MHz Reception 


The design for this feed originated with Scheffer (1975). It is 
shown in Figure 2.1. The dimensions of the feed were optimized on an 
Outdoor antenna test range for operation at 1420 MHz, and then the feed 


was modified for 408 MHz operation. 


To uniformly illuminate a shallow reflector antenna (such as an 
optical Newtonian telescope which has a large f/D ratio), the feed 
pattern should be constant to the edge of the dish, then drop to zero, 
as shown in Fig. 2.2a. The Fourier transform of the radiation pattern 
is the feed's aperture field distribution, and for this particular case 
is 
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where J) is the first order Bessel function and x is the radial 
displacement in units of wavelengths (Goodman 1968). Since the 
radiation pattern is circularly symmetric (assuming a circular 


reflector) so is the aperture distribution. A cut through this two 
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TOP VIEW 


458 MHz Probe 
(DETAIL FIG.2.4) 


VS SCALE 


MATERIALS: 
1.9 mm SPUN ALUMINUA 
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F/QURE 2-/ DIMENSIONS OF SST FEED 
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Fig. 2.2 (a) Feed radiation pattern to uniformly illuminate a shallow 
reflector. (b) Cut through aperture distribution needed to produce (a). 
c) Cut through feed pattern for a deep parabolic reflector antenna 
with uniform illumination. 
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dimensional function is shown in Fig. 2.2b. This focal plane 


distribution is known to optical astronomers as Airy's rings. 


There are a number of reasons why this aperture distribution is 
not optimum for radio telescopes. The most significant difference 
between optical telescopes and radio telescopes is the operating 
wavelength which makes radio telescopes very small when measured in 
terms of wavelength. Thus an optical telescope captures many of the 
higher order rings which often can't be used with a radio telescope 
without blocking a significant portion of the reflector area. 
Elimination of the higher order rings results in a smoothing of the 
sharp cutoff of the radiation pattern and the appearance of spillover 
lobes. Since the edge of the dish is no longer illuminated at full 


intensity, the illumination efficiency drops. 


Another deviation from this ideal field distribution occurs 
because the distance from the feed to the reflecting surface is not 
constant; it is proportional to l+cos@ with © being the off-axis 
angle. (This is also true with optical telescopes, but not to the same 
extent.) Thus the radiation pattern must also increase by the same 
factor to maintain the uniform aperture distribution, as illustrated in 
Fig. 2.2c.  Minnett and Thomas (1968) have attacked this problem with 
much more rigor and have obtained equations describing the fields at 


the focal space of reflector antennas. 
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Although J)(x)/x is not a precise description of the fields at 

the focus, it is accurate enough to be a starting point for a design to 
be experimentally optimized. Koch (1973) and Scheffer (1975) describe 
feed horns developed in this way. Scheffer explains how this field 
distribution is obtained by superimposing several coaxial waveguide 
modes in the horn. A more simplistic explanation is that the main 
central lobe is supplied by the central circular waveguide, and the 
first ring lobe is generated in the large coaxial cavity, which is 
coupled to the waveguide across the narrow coaxial cavity. In 
practice, the proper coupling was achieved by varying the height of the 
two inner coaxial rings in a systematic fashion and measuring the feed 
horn pattern. The criteria for optimum adjustment were steep skirts, 

_ low edge illumination of the reflector, and a flat or concave main 


beam. 


Later, in the modification of the feed for 408 MHz operation, 
another ring was placed around the outside of the horn to create an 
additional narrow coaxial cavity. The depth of this cavity is almost 
4/4 at 408 MHz, so it presents a high impedance at the open end. This 
cavity is approximately 3A/4 deep at 1420 MHz, so it acts as a choke 
at that frequency as well. The total width is slightly less than the 
width of the focus box so the shadowing of the reflector was not 


changed. 
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This feed has been configured to receive both hands of circular 
polarization. The coaxial transmission line to waveguide transition is 
at one end of the 14.95cm circular waveguide. This transition consists 
Of two spatially orthogonal monopoles - one for each hand of circular 
polarization - in front of a short circuit plane at the end of the 
Waveguide. The separation of the two senses of polarization is 
obtained with a quarter-wave-plate placed between the transition and 


the horn. 


Antenna patterns at 1420 MHz are shown in Figure 2.3. The 
illumination at the edge of the dish (+60°) is -15 dB for the E plane 


and -17 dB for the H plane with respect to the on-axis (0°) intensity. 


C. Modification for 408 MHz Radiating Structure 


A number of different methods were tried in an attempt to add 

408 MHz reception capability to the new 1420 MHz feed. Various designs 
were tested and discarded either because of distortion of the 1420 MHz 
radiation pattern, or because of inferior 408 MHz radiation patterns. 
Elementary array theory will show that an array of 408 MHz radiators 
whose first nulls lie at 60° or beyond must have the phase centres of 
the elements within the 1420 MHz horn. One such array that was tried 
consisted of four dipoles arranged in a square above a ground plane and 
is called a boxing ring antenna. Dipoles were placed in front of the 


feed to form this type of feed. This design was rejected because of 
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large distortion to the 1420 MHz radiation pattern. Also, because the 
feed horn was a very crude approximation to a flat ground plane, the 
408 MHz radiation pattern did not approach the predicted pattern. An 
array of cavity backed slots formed using the outer choke ring was also 
considered, but this idea was discarded because the maximum array 
element spacing was exceeded. The method finally chosen involves 
exciting the large cavity and using it as a waveguide horn. These 
modifications produced a feed with adequate performance at 408 MHz with 


negligible effect on the 1420 MHz operation. 


From these experiments it was concluded that the method selected 
was the only practical method of adding a second frequency to the 


1420 MHz feed horn. 


The diameter of the large cavity is big enough to support TE}q 
modes at 408 MHz. Several other dimensions, however, are less than 
optimum. The cavity forms a coaxial waveguide over much of its length, 
and its length is short. These two factors together prevent an equal 
field from being established on the side of the horn opposite to the 
exciting structure. This would cause the beam to be steered off- 


centre. The solution to this was to use pairs of diametrically opposed 


radiators. 


The radiators used are monopoles mounted one third the distance 


from the back of the cavity to the open end. Experiments with the feed 


te 
aid saveoad wueth xine st at a _ 
wit csohta huang aah 6-07 Hataunbxinae, sbi ov © ew aon 


nh migizea babsrosig att MacTQTe don Fh myatieg netsetbay 
co aR a ak gare Ta oe NA _ 
isch aun sc ot: a ek a 


geiat ret shiyesvew) & 26 aygir2p bes ytivso apis! oft yg 
“Attn si 0b ge: gansanatrsy aeupate: tive on & beaubong eootasatttbom 
fotewieee stM OS6L 48+ no Jastis staigt teen : 


bavosiae Hontem sz — eee zhw of greet Taane sels na ‘=; 


PSone vo. bluttont ee) : 


«ved bee? om OOM 7 
-7 
7 


wit os 


pra. rut adanw bFe iat ¢stvss agra | sii to ratometd ott - 
mead eet Sve , javaduit genctanemio cette fevave? -SHM BOA 36 2sbon 
frgnst ae 23h -ho Bee SERRE eh 's eine etek a8 
fas an ante RAAT G02 Pode at Aspaet eat 
| aml aaa 


34 


horn at 1420 MHz had shown that radial structures within the horn had 
no measurable effect on the radiation pattern. This was true even if a 


Short circuit was connected across the large ring-cavity. 


Measurements at 408 MHz were made with movable monopoles that 
could be moved towards either the front or the back of the horn. It 
was found that unless the monopole probes were very close to the open 
end or the back wall the radiation patterns were independent of the 
probe positions. What did depend upon the probe position was the input 
impedance which became smaller as the probe was placed nearer to the 
back wall. The position used was selected because it placed the probes 
well away from the mouth of the horn, which ensured that interaction 
with 1420 MHz was minimized, and also kept the radiation resistance 


large enough to be useful. 


At this location the radiation resistance is low, typically 23a, 
and has a large capacitive reactance associated with it. The technique 
used to transform this radiation impedance to 502 is very similar to 
"gamma match" devices used on some Yagi antennas. The base of the 
monopole is connected to a ground plane (actually the wall of the large 
cavity), and the feed point is moved part way up the monopole. The 
radiator is fed through a parallel conductor running from near the base 
to the feed point, where it is joined to the monopole. The other end 
of the parallel conductor is attached to the centre of the coaxial 


transmission line through a small inductance chosen to cancel residual 
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capacitances. The construction details are shown in fig. 2.4. The 
theory of operation of the matching structure can be explained as 
follows (ARRL 1977). Three things occur simultaneously. First, the 
monopole is fed away from its base. This multiplies the base impedance 
by a factor 1/cos*0 where © is the distance from the base expressed in 
units of angle. Second, the parallel rods form an impedance 
transformer, just like the parallel conductors in a folded dipole. 
Since the conductors are equal diameter, the step-up ratio is 4:1. And 
finally, the parallel conductors form a balanced transmission line with 
a short circuit at the end. This places a shunt impedance across the 
Output terminals. These three factors together determine the probe 


impedance. 


The probe dimensions were obtained in the following manner. A 
prototype probe was constructed out of 4" copper tubing and brass shim 
stock with the total probe length and position of the bridge piece 
being variable. This was installed in the feed horn with three dummy 
probes made of single pieces of copper tubing. The impedance of the 
prototype was measured with a network analyzer, and the two variables 
were adjusted to move the real part of the impedance near the 502 
circle. The imaginary part was measured at the center frequency and 
this determined the required series reactance to make the load 
resistive. An inductance was required, and was formed with a short 
piece of semi-rigid coaxial line with a short circuit at one end. The 


probes installed in the horn had fixed inductance and bridge pieces, 
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and the probe length was left adjustable to compensate for component 


and structural variations. 


The adjustment of one probe in the horn affected the adjustment of 
the others due to mutual coupling. Thus the probes all had to be tuned 
together, in an iterative sequential manner. The horn was pointed at 
the sky with the network analyzer connected to one probe and all the 
others terminated with 502. This probe was adjusted for maximum and 
broadest return loss. An adjacent probe was then measured and 
adjusted. This process was continued around the horn until the probes 
had similar and maximum return losses. The adjustments were then fixed 


with solder. 


Each probe was connected to a short length of semi-rigid coaxial 
cable that runs through the back wall of the feed to a type-N 


connector. 


This telescope was being modified to observe broadband continuum 
radiation in a 4 MHz bandwidth centred on 408 MHz. In anticipation of 
man-made interference, the receiver was made tunable with the front-end 
filter spanning 403 to 413 MHz. The measured return loss of a probe 
over this range is at least 15 dB. Plots of return loss versus 


frequency are shown in fig. 2.5. 


Yo sisadeytbe odd batsette jaa sub oAT 
benut od Gt bad Ife 2adcig ath da aids Teudun-o3 96, av9ito end 
$5 Ustnton, ew, mon edt codgisil Tot Soup avéteragt 08 mt .xedgepod 
Si fie Gas Sdo7q |00 0: _$asountog aasul éne ‘frowssn ont sirhw le afd é 
vain ie oh Rae 108 oh senuntonad enadso 
be, bragsn neds ean stg, tapas Ah 220! nauitar seebsord 

sation and Hiatnw tio edt banaoe eaunt teas ase eeeno1g 2t4T sbateutbe 
haxt? qué ange eaemfeutbs otT ..2ageal fouser aumisen one atc bed ce 


ba | "y ms 
Pelxada btpts-tmee to “iietat Hartz ot bet>enaos aaw adevg fon3 - 
agyt 6 ot Ag “ed No aka oti such wah gui afdea 


a 


ae we 


20 dB 


358 408 458 
Frequency (MHz) 


20 dB 
30 


40 
403 408 413 
Frequency (MHz) 


Figure 2.5 Return loss of one probe measured 


with the other probes tuned and terminated 
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The complete dual frequency feed is illustrated in Plate 2.1. 
Typical radiation patterns at 408 MHz are shown in fig. 2.6. The shape 
of these radiation patterns is simple compared to the 1420 MHz 
patterns, since the horn is smaller at 408 MHz (in terms of 
wavelengths) than at 1420 MHz. The patterns show that the choke ring 
reduces the amplitude of the back lobe while leaving the main lobe 
virtually unaffected. This is because the high impedance of the choke 
reduces the currents flowing on the outside of the horn, while having 
little effect on the aperture (LaGrone and Roberts 1966). The patterns 
were also measured at 400 and 420 MHz. The variation in the main beam 
was less than 4 dB. The back lobe varied less than 3 dB over this 


range. 


The feed patterns are quite symmetrical and have edge 
illuminations (+60°) of -10 dB in both principal planes. The back 
lobes are less than -20 dB. It should be realized that in practice the 
radiation patterns near 180° will be modified by the focus box, and 
these measurements give an inaccurate description of the actual 


patterns at these angles. 


It is interesting to compare the antenna patterns of the 408 MHz 
feed horn with a cylindrical waveguide horn and a dipole array. The 
radiation patterns for a cylindrical horn with the same diameter as the 
dual frequency horn were calculated based on theory presented by Silver 


(1949). The calculated patterns are similar to those in Figure 2.6, 
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Plate. 2.1 


This photograph shows a dual frequency feed horn prior to 
installation on the dish. The outer choke ring is clearly seen. The 
four 408 MHz probes are within the large cavity. They are supported at 
each end, with the inner end insulated from the metal with a Teflon 
rod. The two inner rings set up the proper coupling at 1420 MHz 
between the flared waveguide and the large cavity for the optimum 1420 
MHz radiation pattern. The innermost ring is connected to the circular 


waveguide. 
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except that the edge illumination is greater: -6 or -7 GB compared 
with -10 dB. A boxing ring antenna also has a similar Simple pattern, 
but edge illumination is between -18 (E plane) and -12 dB 

(H plane). It appears that the dual frequency horn is a compromise 
between a cylindrical horn and a boxing ring array. This is reasonable 
because the cavity is so short that the structure is in a transitional 


Stage between a pure antenna array and a pure waveguide horn. 


D. Combining Network 


The last component of the feed to be discussed is a combining 
network that phases the four probes properly. Opposing probes must be 
fed in antiphase so that the electric field vectors set up in opposite 
sides of the feed cavity are coparallel, and the phase difference 
between orthogonal probes must be 90° so that circular polarization is 


received. A six-port device described by Saleh (1981) was used. 


This network has appealing structural symmetry and simplicity; 
ten 4/4 50:2 transmission lines are arranged in a ladder structure. The 
load impedances are also 50%, The four junctions on one side of the 
ladder are the antenna ports, and the junctions at the two corners on 
the other side are the receiver ports. The phase difference between 
two adjacent antenna ports is 90°, and the sign of the phase depends 
upon the receiver port used. Thus one port supplies right-hand 


circular polarization, and the other supplies left-hand circular 


> 

beragaed 8 S+\10 al 1898978 an satin sah td i 
ervediag siqnta satiate: B 26n- dels shnatns ona prt kod” i b 9 His _ 
db Sf- ties tas tq. a) Si- ead at wixonttt a hud 

art (bub. ait. seid anesqgs Ya anal iH) 


azhmotymen “s 2t. mon yonatips 


eidanazest oF etnTt = .ys116 ont gar x04 € bas avotl faonvbabiys 5 ash od 


132 sai aetit syorle oz af tives oft sus r 


a 


lenotsteneas 6 at af atutou 
-170n 4utppevbw Pay a bis Qente sRrsgns swq 6 soonted et $2. 
- 

- 


AaWRSH printaao? iy 


voeth. sd ot ‘bast sd to Inshogmo> -: eT 


garntémos 5 af bee 


o¢ foum 2edond: ae? at aA “ul taq6aq 2400 1g” “ot 23 232949 ot) snows cn 


—~ 7 


a 


 s 


attzaqqo nt gu tse 2g daw bist? str toa? oat: renyoe semtighane: ath oe : 


snq7allib szedg sit ons , fol fassqon sts yirves ot ont Yo ead a 


= = 


U8 iad sz ) zaidord Feonriono P88 a <= 


o 


2t naties!* ee 4e te mi by feng De 
death 260 (180 f) nefke yd beofszeb sotver thogexta A stant ile 
Meet 

n _ : . = _ 


etatignte big ‘eiseume feyitqurze oor esgge 2an prowren om _ 


et? .awitan7t2 wbbsl 6 AF bopnsy 16 516 2onhf narnaianonnd “a 
— . = 


aay soe an “6s ‘dnot tary sna? anf 208 ete a ie 7 
or) ersmrto> ond 236 anvoniaarut any ihe a8 oq epee 
i i le 200 didi esi. aft eg 8 097 “a 
ee rofl cbragat sang Any ste ont “a — g snneine 208 


_ tas DNS tar 263 ay ij 2 2 1 nag Se zu 
. _ astustia pawt-39 31 eae ath i 


7 ' 


° 


45 


polarization. The phase and amplitude characteristics of this device 


are summarized in fig. 2.7. 


There are several subtleties in the operating characteristics of 
this device that should be mentioned. This device is really a special 
four-way power splitter/combiner. Power applied to a receiver port is 
equally divided among the 4 antenna ports, with 90° phase steps from 
port to port. Power applied to a single antenna port is also split 
equally four ways. Each receiver port receives 1/4 of the power, as do 
each of the adjacent ports, but with equal phase. If independent 
sources are attached to all of the antenna ports, this power division 
scheme remains true. Thus if each source supplies equal power then 
- each receiver port receives that same amount of power, namely one 
quarter of the power from each of four antenna ports. The remaining 
power is dissipated in the sources. This is significant because it 
means that if four independent, equal intensity sources are connected 
to the four input ports, the output is the same as if the network had 
only one source and one input. This is an important result for the 


noise measurements to be described later. 


Sources in the sky provide coherent sources. Opposing probes 
supply signals with a 180° phase difference to two ports separated by a 
third port. This middle port receives an equal fraction of the power 
from the two other ports, which each undergo identical phase shifts, 


and arrive out of phase. Therefore the signals cancel. This power 
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Antenna Ports 


Receiver Ports 
All coaxial cable lengths between junctions 
are A/4. Cable characteristic impedance 
equal to load impedances. At junctions, 
centre conductors joined together and shields 
joined together. 


Combining Network Construction 


Equal Power Division 


Isolated 


Amplitude/Phase Characteristics 


Figure 2.7 Antenna Combining Network 
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appears in the receiver ports. The distribution of the power between 
the two receiver ports will depend upon the polarization 
characteristics of the celestial source. With a randomly polarized 
source or linearly polarized source, the power is equally divided 
between the two receiver ports, since the wavefront can be decomposed 
into two circularly polarized components of equal intensity. If the 
source is partly or wholly circularly polarized, then one port receives 


more power than the other. 


The network was constructed of 4" diameter semi-rigid coaxial 
cable. Since phase shifts were obtained through time delays, the 
network was frequency sensitive. In addition, because of slight 
variations in cable lengths and network construction, the phase 
differences between pairs of antenna ports were not the same, nor 
precisely 90°. The lengths used were therefore cut by an iterative 


process. 


Deviation from 180° between opposing probes results in steering 
the feed radiation off axis. Using trigonometry and invoking a 
Sine(x)=x approximation, it can be shown that this phase or delay error 


(d) slews the antenna pattern by: 


ezn? | degrees | 
S 


If the spacing, s, between the probe feed points, 1s SSecmsetne 


equation becomes: 
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Cae Q degrees 


with the phase error d expressed in degrees. The worst measured error 
at the band edge was 5°, which means that the feed will be pointing 
about 1° off centre. This is a trivial amount since the reflector 


subtends 120° at the focus. 


The accuracy of the 90° phase shift determines the feed's response 
to circularly polarized radiation. The most common description of 
circular polarization uses two electric field vectors, both temporally 


and spatially in quadrature. Mathematically this can be written: 


E(t) = A cos wt ax + A cos (wt - 90°) ay 


A cos wt ay + A sin wt ay 

with a, and ay designating orthogonal unit vectors 

perpendicular to the direction of propagation. Now suppose that there 
is a phase error of €. This error can be evenly distributed between 


the x and y components: 


E(t) = A cos(wt - = ena + A sin (wt + =) a 
2 ‘ Cie 


Using trigonometric identities and rearranging: 


E(t)= A cos = [cos ut a. +sin wt a, ]+Asin= [sin wt a, tcos wt a ] 
2 2 


The left hand term represents a counter-clockwise rotating vector, and 


y 


the right hand term represents a clockwise rotating vector. For smal] 


errors the relative response of the feed to the unwanted sense of 
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polarization is 


[S 
paeiciDe? « eq ndeten’ 
cOoS € 9 * 9 
2 
. e[deg] 
120 


If the error is 5°, then the ratio of the field amplitudes is 1/24 or 
about 0.04 or -27 dB. In practice this ratio will be better, since the 
above worst-case value is only a spot value at the edge of the band. 
The receiver uses broadband noise and spot values away from this band 


edge will have a smaller R. 


So far only the phase response of the combining network has been 
discussed. The amplitude response, or the network losses, are also 
very significant since the signal power is multiplied by a factor a, 
and noise power equal to (l-a)kTB is added. By measuring the noise 
added to the network by a resistive noise source, the loss was 


determined. 


A Dicke total power receiver was used to measure the losses of the 
combining network and the cables that join this network to the feed 
horn. A well matched termination immersed in liquid nitrogen was used 
as a noise source. This load was used because its noise temperature 
was not excessively large compared with the increase in noise due to 
the device under test. Consider the measurement of the losses in the 
coaxial cable (0.73 metres of RG-214) that runs from a probe to the 
network. First, the temperature of the load alone was measured with 
the Dicke receiver. Next the cable was placed between the load and 


receiver and the temperature measurement was repeated. The loss of the 
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cable was then determined using this set of equations: 


Ty 


Tioad 


lp 80M oad (1=")T ambient 


Each of these cables has 0.09 dB of loss and thus adds 6K of noise. To 
measure the losses of this network it was necessary to connect cold 
loads to each input. Since these are independent noise generators, 
these 4 ports with 4 loads behave like a single port and a single load, 
and the measurement technique is the same as with the piece of cable. 
The loss of the network was found to be 0.04 dB, which increases the 
noise temperature by 3K. The total contribution of the network and 


cables is 0.13 dB or 9K. 


These numbers are similar to those obtained by multiplying the 
cable lengths by the specified loss per unit length. For both RG-214 
cable and 4" 0.D. semi-rigid coaxial cable the loss is 0.15 dB/metre. 
The calculated loss for 0.73m cable is 0.11 dB. The combining network 
is made of 10 pieces 0.13m long, so the average path length from 
antenna port to receiver port is 10x0.13/420.3m and the average loss is 


205) dB 3 


The feed and combining network have so far been treated 
separately; now they will be considered as a unit, for the 
characteristics of one device can be affected by the properties of the 


other. A good example of this is the isolation of one receiver port 
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from the other, which depends upon the quality of the match of the 
loads on the antenna ports. With 502 resistive terminations on the 
antenna ports, the isolation is greater than 35 dB from 400 to 418 MHz. 
However, the feed probes do not have as high a return loss as the 
loads, nor do they have a high level of mutual isolation. These result 
in power being reflected back into the network. One way to understand 
what occurs with a reflection at the base of the probes is to replace 
this feed with an ideal feed behind a partially reflective plane. A 
circularly polarized wavefront is generated by transmitting through the 
antenna. Part of this wave is reflected, and the reflection changes 
its hand of polarization, thus the reflected power must end up in the 
port other than the one connected to the transmitter. The measured 

. isolation is greater than 10 dB between 398 MHz and 412 MHz and 
averages 13 dB in a 4 MHz band centred on 408 MHz. This means that the 
system temperature of a receiver connected to one port will increase by 
a fraction of the equivalent noise temperature of the load on the other 
port. 13 dB translates to a power ratio of 1/20, so an ambient tem- 
perature load increases the system temperature by 300/20 or 15K, and a 
GaAsFET low noise amplifier (Tinput =70K measured) used as a 


load (Frater and Williams 1981) produces an increase of TOV200R STOK < 


This effect also makes the match to the probes appear better than 
it actually is. This is because the network tends to divert power 


reflected by the loads away from the source, as explained above. The 


measured return losses for the feed horn with combining network is 
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shown in Fig. 2.8 for both hands of polarization. Comparison to the 
Single probe return loss in Fig. 2.5 will show the dramatic improvement 


in matching due to the network. 


Ee Frequency Independence Measurements 


One of the most important specifications for the dual-frequency 
modification was that degradation of the primary frequency 
characteristics was unacceptable. A number of measurements indicate 
that the 408 MHz modifications have no significant effect on the 1420 


MHz performance. 


To determine if the 408 MHz feed structure modified the 1420 MHz 
field distribution, the 1420 MHz radiation patterns were measured with 
and without the 408 MHz probes. Small changes in the edge illumination 
were observed, but the magnitude of these changes was of the same order 
as the difference between repeated pattern measurements, with identical 


feed configurations. 


Another way to measure the interaction between the two sets of 
probes is to measure the transmission from one set to the other set. 
The attenuation at 1420 MHz for a signal path from the 408 MHz probes 
through the 408 MHz combining network into the 1420 MHz probes was 
greater than 26 dB. Thus noise from the 408 MHz system will be reduced 


by at least a factor of 500 when it reaches the 1420 MHz receiver. At 
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Figure 2.8 Return loss of entire feed system: 
feed horn, cables, and combining network. 
Each receiver port was measured with the 


other port terminated. 
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1420 MHz, the effective noise temperature of a 408 MHz GaAsFET LNA 


input is about room temperature and the increase in system temperature 


should be less than 0.6K. 


Another way that coupling can occur is if waves coming out of the 
waveguide are reflected back into the waveguide by the 408 MHz probes. 
This possibility was tested by injecting a signal into one 1420 MHz 
probe, and measuring the coupling into the other probe. Because of the 
quarter-wave plate, a circularly polarized wave is launched, and any 
reflection would change the sense of rotation and emerge from the 
other probe. The coupling was measured both with and without the 
408 MHz probes in place. This was found to be -18 dB and -19 dB 


respectively which is an insignificant change. 


So far no mention has been made of coupling from the 1420 MHz 
probes into the 408 MHz probes at a frequency of 408 MHz. Since this 
frequency is below cutoff for the 14.95cm diameter waveguide, this 


interaction should be extremely small. 


F. Performance on Dish 


The most important test of a feed is to place it on a reflector 
antenna (see Plate 2.2) and to measure the performance of the 
combination. Characteristics that can be measured are the antenna 
pattern, aperture efficiency and spillover. The antenna pattern or 


primary pattern determines the area of the Sky - 
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known as the field of view - that can be mapped in one survey. The 
aperture efficiency is a measure of the sensitivity of the dish. This 
is determined partly by the radiation pattern of the feed antenna. 
Spillover is response of the antenna to sources outside the main beam 
(primarily thermal radiation from the ground) via a direct path to the 
feed that does not include the reflector surface. These measurements 
were made using standard techniques involving a Dicke switch total 


power receiver and astronomical sources. 


1. Dish Radiation Patterns 


The antenna patterns were measured in two principal planes: 
declination, which involves scanning the dish in a north-south 
direction; and right ascension, which requires either mechanically 
Scanning the dish east-west, or allowing the earth's rotation to sweep 
the beam through the test source. The test sources were Cassiopeia A, 
a supernova remnant which is a bright centimeter-wave source, and the 
sun. The large signal-to-noise ratio for these sources permitted the 
pattern to be measured rapidly and accurately. The half-power points 
were found to be separated by 5.3° in both right ascension and 
declination planes. The power response of the Far West dish in the 


declination plane is illustrated in Figure Lads 
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BEAT Ea 2 


FOCUS BOX 


This box contains the receiver electronics. In front of the box, 
at the prime focus, is the feed. The box is insulated and temperature 
controlled to keep the electronics at a constant temperature. On the 
right-hand side of the box is the thermoelectric heater/cooler device. 
Several cables can be seen running from the back side of the horn into 
the focus box. These carry the signals from each 408 MHz probe to the 
combining network inside the box. The 1420 MHz signals enter the box 
via the circular waveguide. The cables running along the support legs 
to the side of the box carry LO and IF signals as well as power and 


monitoring signals. 
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2. Aperture Efficiency 


The aperture efficiency is simply the ratio between the power out 
of a receiver connected to the actual antenna and the power out of the 
Same receiver connected to an ideal antenna of the same cross-sectional 
area that delivers all the energy that it intercepts to the receiver. 
Again, Cas A was used as a test source. The flux was calculated using 
information from Baars et al. (1977). The efficiency was found to be 


60% at 408 MHz and 54% at 1420 MHz. 


The relatively high efficiency at the low frequency is probably 
another result of the shape of the feed pattern. At 408 MHz, the edge 
of the dish is illuminated more strongly than at 1420 MHz, so more of 
the collecting area is utilized and the higher efficiency results. The 
1420 MHz efficiency is very close to that measured with a prototype 
feed without the 408 probes. This is further confirmation of the 


isolation between the two receiving frequencies. 


oN Spillover 


The spillover measurement involved an absolute measurement of the 
power out of a combining network antenna port with the antenna pointing 
at the zenith (at empty sky). The temperature scale of the receiver 
output was calibrated with precision 90% terminations at liquid 


nitrogen (78K) and boiling water (373K) temperatures. Then known 
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60 
losses and sources of noise were subtracted to obtain the amount of 


noise due to spillover. This calculation follows: 


Jee (typical ) 85K+1K 
zenith 

Galaxy (typical) (Pauliny- -21K+2K 

Toth and Shakeshaft 1962) 

Antenna Losses: 


Unused port 15K+1K 

Combining network 3K+1K -24K+2K 
Cables 6K 

Solar noise -10K+5K 
Spillover 30K+ 10K 


In practice the zenith antenna temperatures will be lower than 
those given here. The load on the unused receiver port couples to the 
receiver input via the combining network, increasing the system noise 
temperature. When these measurements were made, this port was 
terminated with a 502 dummy load at ~300K, but it is now terminated 
with a room temperature GaAsFET amplifier. The effect of this 
amplifier is the same as that of a termination at 70K. Thus the 
contribution of the unused port will drop from 15K to 3.5K, and the 


zenith temperature will be at least 73K. 


The antenna temperature was also measured at elevation angles 
ranging from near zero (pointing at the horizon) to 90° (pointing at 
zenith). The sky contribution to the antenna temperature obtained from 
Pauliny-Toth and Shakeshaft (1962) was then subtracted at each of these 
points. The antenna temperature was constant within +3K until the 
antenna beam neared the horizon, where it began to increase. When the 


dish was stopped by the horizon limits in the pointing mechanism, the 


antenna temperature had risen by 3K. 
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G. CONCLUSION 


The 1420 MHz feed horn has been successfully modified to 
Simultaneously receive 408 MHz radiation. This was done without 


noticeable degradation of 1420 MHz performance. 


The performance of the antennas at 408 MHz can be summarized: 


HPBW = 5.3° 
Antenna temperature (less sky) = 52K+4Kk 
Spillover = 30K+10K 


Aperture efficiency = 60% 


Bandwidth = 20 MHz 
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CHAPTER 3: 408 MHZ RECEIVER 


A. The General Problem 


The problem that was set before me was to develop four parallel 
receivers that are sensitive enough for radio astronomy applications 
and also stable enough to be used to produce images of the sky. The 
need for sensitivity is obvious: the receiver-generated noise must not 
be large enough to overwhelm the signals from weak sources in the sky. 
The stability - amplitude and phase - requirement is necessary because 
of the way that the images of the sky are made. As explained earlier, 
the sky is sampled by the interferometer fringes. The visibilities or 
Fourier components not only depend upon what is in the sky, but also 
the amplitude and phase characteristics of the receivers. When the 
image is formed by summing the Fourier components, if the amplitudes 
and phases of the receivers are not what one believes them to be, the 
image will not be constructed correctly. Each of these areas of 
concern - sensitivity, gain stability, and phase stability - will be 


discussed separately and explained below. 


First, the major building blocks of a radio astronomy receiver 
will be outlined. A very basic receiver is shown in fig. 3.1. 
Remember that an interferometer requires at least two of these 
receivers. The problem is to make each receiver operate in a very 


similar manner with respect to all the others. What makes the 
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BLOCK DIAGRAM OF A RADIO ASTRONOMY RECEIVER 
SUITABLE FOR USE IN AN INTERFEROMETER 


Figure 3.1 
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Situation more difficult is that the receivers are in separate 
enclosures and run from separate power supplies. In Spitevoretni si. 
several control systems can be used to stabilize the receiver. These 


circuits were one of the main areas of interest of this project. 


After the signals from the sky are collected by the feed horn, 
they are amplified by a low noise amplifier (LNA). Contrary to common 
communications receiver design principles, the front end bandpass 
filter follows the first stage of gain. It is very important to 
maintain a high signal to noise ratio, and loss before the first stage 
Of gain would result in an increase of noise. Communications receivers 
often place filters preceding any gain because they are tuned to 
- frequency bands that have many strong carriers. Without the filter, 
the front end amplifier might be pushed into saturation by a strong 
Signal. This could desensitize the receiver or produce spurious 
signals through intermodulation in the amplifier. The increase in 
system noise is often not as important with communications receivers, 
because of the greater signal levels of man-made radio sources. Near 
the 408 MHz observing band are several frequencies used by both 
terrestrial users and satellites. For this reason the design of the 
front end had to take into consideration potential man-made 


interference. 


Following the LNA and filter is a mixer which converts a band of 


signals centred on 408 MHz to a band centred on 30 MHz, the 
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intermediate frequency (IF). A commercial double balanced diode mixer 


was used here. 


The IF amplifier frequency is 30 MHz. The signal frequency is 
nominally 408 MHz, so an LO frequency of 378 MHz was chosen. A signal 
at 348 MHz will also produce a 30 MHz output, but the input filter 


rejects this "image" frequency. 


A tuned IF preamplifier follows the mixer. Commercially available 
amplifiers are used since some very high quality units are available, 
and considerable effort would be required to build an amplifier that 
would be equal in performance. The IF preamplifier is placed preceding 
_the cable to compensate for the cable losses and hence maintain a low 


system temperature. 


After travelling down the transmission line to the Synthesis 
Telescope building, the IF signal is again amplified. This IF 
amplifier has higher gain and a narrower passband than the previous 
Stage. In addition, its gain can be controlled with a voltage. A 
portion of the output is sampled and rectified, and processed to 
provide a voltage to adjust the gain to keep the output power constant. 
If the input power to the receiver is constant, a reasonable 
assumption since the dishes point at the same area of the sky during 
the entire observation, then this automatic gain control (AGC) circuit 


will keep the receiver gain constant. The amplified IF signal is then 
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passed to the Digital Signal Processor (DSP) where it is correlated 


with signals from the other receivers (Lo 1982). 


Local oscillator (LO) circuitry is located at both ends of the 
cable. This system makes the signal phase from sky to correlator 
entirely independent of the length of the coaxial cable connecting the 
antennas to the central receiver. This device is very important since 
the cable is not in a controlled environment like the rest of the 
receiver. It is subject to large and sometimes rapid temperature 
variations which change the cable length. Designers of other synthesis 
telescopes either attempted to control the cable temperature or else 
used a local oscillator that produced a constant phase to the mixer. 
This local oscillator is the first known system to stabilize the phase 
to the IF output. Because the Digital Signal Processor does the fringe 
derotation after correlation, the LO phase does not have to be 
continuously variable. It is switched in 180° steps to reject common 
mode errors. It is also switched 90° for calibration of the real and 


imaginary channels of the correlator. 


The system design specifications for the 408 MHz receivers should 
now be stated: 
- centre frequency of 408 MHz, tunable +3 MHz to avoid 
interference; 
- 4 MHz IF bandwidth; 


- low system temperature 
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- low susceptibility to man-made interference; 
- very stable gain; 

- stable phase characteristics; 

- LO phase controllable in accurate 90° steps; 


- subsystems must share a single coaxial line between antenna 


and centre of interferometer. 


Now the design philosophy used will be set forth: 


- the system engineered is not an experiment, it is a permanent 
addition to a research instrument, and was constructed with 
this point in mind. 

- the new system must use existing observing and map production 
software with a minimum of modification. 

- commercially available devices such as amplifiers and filters 
were purchased unless there was a definite advantage in 
constructing the device. The wheel has been invented one too 
many times. 

- the use of necromancy was avoided, since the equipment 
will be repaired and possibly duplicated without my attention. 

- everything was made as simple as possible, but not simpler 


(Einstein). 
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The development of this receiver will be discussed in four parts: 
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- the front end, the mixer and receiver sensitivity; 
- the IF amplifiers and receiver gain stability; 


- the local oscillator system and receiver phase stability; 


- system tests. 


The LO system design is unique and therefore many pages will be devoted 
to its development. Other subsystems are more conventional and were 


either commercially built or were developed by other workers, and thus 


will be covered in less depth. 


B. Receiver Front Ends 


The 408 MHz front ends consist of two stages of low noise 
amplification separated by a bandpass filter. In the development of 
the front ends, low noise figure and good large-signal handling 
capabilities were of prime concern. This arrangement gives a system 
temperature of about 104K, 50K of which is due to the low-noise 


amplifiers. 


Commercial low noise amplifiers (LNAs) constructed with bipolar 
transistors were originally purchased for the 408 MHz receivers. The 
specified noise temperature of these amplifiers was 120K, but all the 
units were tested and the noise temperature was found to be about 180K. 
This was too large to be acceptable. Unfortunately a manufacturer of a 


superior amplifier could not be found. However, 400 MHz is high enough 
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that 1/f noise becomes insignificant in gallium arsenide field effect 
transistors (GaAsFET) (Cooke 1982). At least one semiconductor 
manufacturer claimed to make GaAsFET devices with a noise figure of 0.5 
dB or 35K at 400 MHz. In addition to the Superior noise performance, 
GaAsFETs are much more linear than bipolar transistors and are thus 
less prone to intermodulation. A design existed for amplifiers built 
with GaAsFETs (Galt, personal communication) so it was decided to have 
a technician construct and adjust a set of amplifiers. This circuit is 


SHOWN Miner ig. 3.2. 


In the adjustment of these amplifiers several factors and 
variables had to be considered. Of course minimum effective noise 
temperature and maximum gain were desired. The amplifiers also had to 
be stable for the loads that they would be attached to. To satisfy 
these requirements, the drain current and drain voltage were varied, as 
well as the input and output matching networks. As suggested by 
Weinreb et al (1982), a small inductance was placed between the source 
leads and ground to improve the input match (Anastassiou and Strutt 


1974). With these particular LNAs the improvement was minimal. 


One major problem encountered with this design was a tendency for 
the amplifier to oscillate in the vicinity of 4 GHz. The solution was 
to place a small piece of conductive foam near the input inductance. 
The foam is carbon impregnated and is often used to protect integrated 


circuits from static damage. The foam was kept small to minimize 
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Figure 3.2 GaAsFET Low Noise Amplifier 
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losses at 408 MHz, yet large enough to reduce the gain at the higher 
frequencies, stopping the oscillations. This lossy foam technique is 
akin to the use of ferrite beads, and other workers have had to resort 
to this method of amplifier stabilization. After this was done, Ip 

and Vps were adjusted for optimum noise figure and gain. The 

stability was verified by subjecting the LNA to various loads that 
could be encountered in the receiver as well as open circuits and short 


Creculcs. 


After discussion with the Department of Communications, and some 
interference monitoring, it became apparent that there would be man- 
made signals near the observing band. Thus the receiver was 

deliberately designed to be less sensitive to interfering signals with 


very little reduction in sensitivity to radio astronomy sources. 


Traditionally, radio astronomy receivers have been built with the 
LNA following the antenna and preceding the front end filters. If a 
loss precedes the LNA that attenuates the input signal by a factor a, 
the increase in noise temperature is (l-a)Tg where Ta, is the 
physical temperature of the lossy device. Ta is usually about 300K. 
Most filters have an insertion loss of several decibels. Suppose that 
the loss is 2 dB or 0.63, then the increase in system temperature due 
to the loss is 110K, which is not acceptable for low noise receiving 
systems. Thus radio astronomy receivers usually have no filters before 


the LNA save for the frequency selectivity of the antenna. This 
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unfortunately makes the front end very susceptible to out-of-band 


interfering signals. 


The type of interference that was of most concern was 
intermodulation distortion. In a non-linear device, many possible 
combinations of these intermodulations are produced, and the danger is 
that two out of band carriers may generate a third signal within the 


observing band. 


The noise figure was compromised slightly to obtain better 
protection from interfering signals by placing a filter between the two 
amplifier stages. The gain preceding the filter is 15 dB, and the 
increase in temperature due to the 2 dB filter loss is about 3K. 
Although the first stage of amplification is subject to a wide band of 
Signals, perhaps including strong man-made signals, the second stage 
receives only a select fraction of this spectrum, hopefully without 
interference. Without the filter, out-of-band signals may be amplified 
to a level by the first stage sufficient to cause intermodulation 


distortion in the second stage. 


The question now arises concerning the amount of increase of noise 
that can be afforded. What is important is not simply the absolute 
increase, but the increase relative to other noise sources in the 
system. The system temperature, including the minimum galactic 


contribution, was found to be about 125k. If the location of the 
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filter has resulted in a change of 3K, then the signal to noise ratio 
has been reduced by 23%. It was felt that the slight increase in 


system noise due to the front end configuration was worth the added 


interference protection. 


The performance of the front end low noise amplifiers consisting 
of two amplifier stages connected through a 408 MHz bandpass filter was 
measured. The typical noise temperature of these units at 408 MHz was 
SOK+10K. The bandwidth between the points where the noise temperature 
rises to 80K was typically 15 MHz. The gain of the sets of amplifiers 
varied between 25 and 33 dB, depending on the unit tested. The return 


loss of the input and output ports averaged 14 dB. 


An interesting property of low noise amplifiers is that the 
equivalent noise temperature of the input can be lower than the 
physical temperature of the device (Percival 1939, Frater and Williams 
1981, Forward and Cisco 1983). The noise power emerging from the 
inputs of the LNA's was measured and found to be equivalent to a 
resistive load at 70K. Extra amplifiers were constructed and used as 
loads on the unused receiver port of the feed combining network. Since 
the amount of coupling between the used and unused receiver ports is 
1/20, changing the load temperature from 300K to 70K has reduced the 
noise added to the system from 15K to 3.5K. With a system temperature 
of 104K, this means that the signal to noise ratio has been improved by 


about 10%. 
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A readily available commercial mixer was used for the receiver 
mixer. The device is a double balance mixer with a ring of four 
diodes. The conversion gain is about 1/4 or -6 dB with a local 
oscillator signal power of 5 mW or +7 dBm. The IF output of the mixer 


goes to the IF preamplifier stage. 


The sensitivity of the synthesis telescope to a point source is an 


important statistic. Napier and Crane (1982) show how the following 


relation is obtained: 


Deacon |) 
1S ont: ll 
VBtc nna, 
4S = noise power 
k .= Boltzmann's constant = 1.38 x 10-23 Joule/°K 
Ts = system temperature = 104K 
B = receiver bandwidth = 4 MHz 


t = observing period = 12 hr. 


c = number of correlations = 140 (for full survey) 


Nc = correlator efficiency = 0.89 
Na = aperture efficiency of antenna = 0.6 
A, = antenna area = 1(4.5m)* 


For a full survey (140 spacings or 35 days) the rms noise is 


2.4 my/beam. 
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C. Automatic Gain Control 


Each visibility measurement of the sky consists of two numbers: 
the amplitude of the correlated signal; and the phase difference. If 
there is an error in the amplitude of the visibilities, then the 
strength of the mapped sources will not be known for certain. If this 
error varies with time, then the noise level of the map will increase 
Since the Fourier components (or visibilities) will not add together in 
a way that tends to cancel the side lobes. Thus for the best map, the 
visibility amplitudes must be well known which is ensured if the 


receiver gains are kept constant. 


The maximum allowable error in the gain should be determined. 
Experienced interferometrists at Cambridge (Baldwin and Warner 1979) 
state that most interferometers are capable of a gain stability (aG/G) 
of 1%, and that better amplitude stability would not be useful because 


it would be hidden by phase errors. 


One way to control the receiver gain is to receive a signal of 
constant intensity, and adjust the gain to keep the output level 
constant. Fortunately, there is one such signal that is inherent to 
the system: the system noise. The receiver noise originates from many 
sources: the receiver mixer; the low noise amplifiers; losses in the 
cables to the horn, the combining network, and the horn itself; 


spillover; the galactic background; and the source being mapped. 
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Assuming that these stay constant, and that a reference voltage level 
Stays constant, then a difference amplifier can compare the output 
level to the reference level and adjust the IF amplifier gain to 
counteract any changes in gain between the antenna and the IF 


amplifier's output. 


The AGC circuit used is shown in Fig. 3.3. The IF amplifiers used 
have two outputs: an intermediate frequency output and a video (or 
rectified) output. The IF output goes to the correlator and the 
video output is used by the AGC amplifier. The amplitude of the video 
output represents the output signal level. This signal is filtered in 
an R-C circuit and is applied to the inverting input of an operational 
. amplifier. The non-inverting input is connected to a voltage reference 
formed by an adjustable resistance wired into a voltage divider. The 
difference between these two inputs is amplified and is applied to the 
gain control voltage input of the IF amplifier. Thus this closed-loop 
tends to minimize the difference between the reference and the video 


Output, keeping the IF output level constant. 


The AGC itself creates a problem. It keeps the output power of 
the receiver constant irrespective of the brightness of the region 
being mapped. Thus the system gain will be different for sources that 
produce a different antenna temperature. This multiplies the source 
brightnesses in the map by a factor that is constant across the map. 


The intensity scale of the map can be calibrated by multiplying the map 
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by the system temperature correction. This correction factor can be 
obtained by dividing the system temperature with a dish pointed at a 
region of the sky with a known temperature by the system temperature of 


the dish pointed at the mapped region. 


Another reason to use an AGC circuit is to keep the rms input 
levels to the analog-to-digital conversion circuits, known as 
quantizers, constant. The input signals are quantized to one of three 
possible levels. The decision levels are fixed, so for meaningful 


quantization, the input must not be too large nor too small. 


D. The Local Oscillator System and Phase Stability 
be Need for Phase Stability 


Phase stability is essential for an interferometer of this type, 
for without it images of the sky with correct absolute positions of 
sources cannot be made. The prime source of phase error is changes of 
length of the coaxial cable transmission line due to temperature 
changes. The system developed controls the phase from the output of 
the LNA to the output of the IF amplifier in the Synthesis Telescope 
building. With this system the change in IF phase for a change in 
transmission line length is at least 7 times better than would be 
expected for a system that only stabilizes the LO phase, and at least 


90 times better than a system with no phase stabilization. 
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The relative phase between receivers making up an interferometer 
determines the position of the fringes in the sky. A phase error 
changes the position of the fringes and results in a position error of 
the Fourier components that form the the map. Since a point source is 
actually the sum of many Fourier components, random phase errors will 
tend to blur the point source. Equally important, at locations where 
there is no source, the components must add to zero, but errors may 
lead to a non-zero sum, which means that the noise level of the map has 
risen. An equivalent way of looking at this is that the synthesized 
beam has been broadened and reduced in amplitude and that the side lobe 
level has been raised. This kind of phase error with a synthesis 
telescope is analogous to errors on the reflecting surface of a filled 


aperture radio telescope and the effects are the same. 


The question of specifying the maximum phase error now arises. 
One might get an estimate by considering filled aperture radio or 
optical telescopes. The maximum allowable rms error with these 
instruments is often specified as 4/10. This corresponds to a maximum 
rms phase error of 72°. Before this is applied to a synthesis 
telescope, one very important point should be kept in mind. TnatienS-s 
in a filled aperture each spacing is effectively measured many times, 
while with most synthesis telescopes there is no redundancy and each 
spacing is measured only once. Thus in a filled aperture telescope, 
many measurements are added together and the phase errors tend to 


cancel, while with a synthesis telescope, there is only one opportunity 
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to measure the phase for one spacing, so the phase had better be right. 
Rahmat-Samii (1983) has calculated the radiation patterns for reflector 
antennas with random surface errors of various magnitudes. His results 
show a surface with 4/10 errors has a reduced main beam amplitude, -6d8 
in his examples, and increased sidelobe levels. He also shows that to 
maintain the correct sidelobe amplitude, the surface accuracy must be 
much better than 4/10. Dragone and Hogg (1963) have done a similar 
Study, but out to higher order sidelobes. They show that to keep these 
Sidelobe levels to within 3 dB of the ideal pattern the surface 
accuracy of the dish should be +0.01A or +7° in phase. This suggests 
that the peak-to-peak phase error in a synthesis telescope should be 
smaller than 14° to produce a beam with sidelobes that have smal] 


deviations from their ideal values. 


It is useful to consider the phase stability requirements for 
other synthesis telescopes. Based upon experience at Cambridge, 
Baldwin and Warner (1979) have plotted expected phase error due to the 
ionosphere verses frequency and baseline. For a 600m baseline at 400 
MHz, their expected rms error is about 1°. For the design of the Very 
Large Array in New Mexico, Napier et al. (1983) specify a phase error 
of 1° rms per gigahertz. Based upon considerations such as these, it 


was decided to make the phase of the 408 MHz receivers as accurate as 


possible, preferably less than 1° rms. 
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Larger phase errors can be acceptable if adaptive-optics 
techniques are used. This is done to produce maps from Very Long 
Baseline Interferometers consisting of antennas scattered around the 
world (Steer 1984). However, these methods rely upon a large number of 
Simultaneous correlations and a small number of uncomplicated source 
Structures in the field mapped. The 408 MHz system has only four 
Simultaneous correlations and will be used to map complicated objects 
that fill the field so these image construction techniques are not 
appropriate. In addition, one of the original specifications for this 
system was that it would use the same observing techniques and data 
reduction programs as used for 1420 MHz observations which depend on 


accurate phase. 


2. Sources of Phase Instability 


It should be clarified here that the phase stability that is of 
concern is the differential phase between antennas. There are a large 
number of potential sources of differential phase errors in the 
interferometer - virtually every component. Filters, amplifiers, 
mixers and transmission line, all change the phase of signals passing 
through them. On the short term, the phase characteristics of these 
devices are stable. As they age, these characteristics may change, but 
these changes are corrected by the routine calibration observations. 
One source of rapid phase changes is rapid temperature change. If al] 


parallel sets of components undergo the same temperature change, and if 
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all the components have similar characteristics, the differential phase 
will not change. To establish this Situation, all components were 
either constructed as similarly as possible, or specified to be phase 
tracking when ordered. In addition, the components were placed in 
constant temperature environments at the focus of the dishes and in the 
Synthesis Telescope building. The temperature control in the focus 
boxes is held to within 1°C of 25°C, and to within several degrees in 


the Synthesis Telescope building. 


The coaxial cables running from the receivers on the dishes to the 
central Synthesis Telescope building are not at a controlled 
temperature, and the characteristics of different cables may not be 
. exactly the same. Although the phase temperature coefficient is larger 
for the short lengths of RG-214, the phase change will be dominated by 
the much longer Heliax cable. For a one degree increase in 
temperature, the phase of the output of the total cable length will 
change between -6° and -12° at 378 MHz, and it will change between -3° 
to -1° at 30 MHz. (The uncertainties are due to uncertainties in the 
manufacturer's specified phase temperature coefficient.) The frequency 
of 378 MHz was chosen because it is the ultimate local oscillator 
frequency. Even if a subharmonic of this frequency is sent down the 
cable, the phase gets multiplied along with the frequency when 378 MHz 
is generated, so the change in phase is the same as if 3/8 MHz were 
used. 30 MHz was also used in this illustration because it is the 


intermediate frequency. The phase change due to temperature would be 
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unimportant if all the cables were always at the same temperature and 
the cables all had the same phase temperature coefficient. In that 


case the phases would all change by the same amount. 


These two conditions are probably not met. According to the cable 
manufacturer's catalog, the phase temperature coefficient can vary by a 
factor of two. Although cables from the same lot probably have uniform 
coefficients, cables from different batches may have different 
coefficients. This variation is probably due to changes in the mean 
bubble size in the foam dielectric. Thus it cannot be guaranteed that 
pairs of cables will track each other in phase as the temperature 


Changes. 


It is also not a good assumption that all the cables are at the 
same temperature all of the time. Although the cables are buried 
except for about 50m (4 of total length), the soil can be extremely dry 
at times, reducing the thermal capacity of the ground. This would make 
the ground a less effective filter to the daily temperature variations 
at the surface. The surface temperature can change rapidly and over an 
extreme range because of the observatory's location in a semi-arid 
mountain valley. Because of the large extent of the array (600m), the 
surface temperatures at one end of the array may differ by several 


degrees from the other end. 
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From these considerations it was decided that the cables alone did 
not have sufficient phase accuracy to distribute a local oscillator 
signal. Although at times the cables may be stable enough to be used 
in an uncontrolled fashion, there are times when phase errors would be 
unacceptable. The telescope is intended to be used all year round for 
many years, so a closed-loop local oscillator system was designed to 


ensure that these errors are always at acceptable levels. 


Si Phase Stabilization Techniques used with other Telescopes. 


This problem of obtaining adequate phase stability is not unique 
to this observatory: all synthesis telescope builders have had to face 
it and have come up with a variety of solutions. These will be 
mentioned briefly before describing the solution developed for the 408 


MHz telescope. 


With the Westerbork Synthesis Radio Telescope in the Netherlands 
the designers decided to attack the source of the problem - temperature 
fluctuations. The cables were carefully thermally insulated before 
burial. This telescope is located near the sea and experiences a less 
severe climate. The water table is also quite high which increases the 
specific heat of the soil. All of these factors make the temperatures 
experienced by the cable less extreme and more uniform along the length 
of the cables. The stability of that instrument is better than 1°. 
Since the 408 MHz cables for the Synthesis Telescope have been in place 


for a number of years, it is too late to implement this solution. 
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A method of generating signals with identical phase at any number 
of points along a transmission line was originally considered for local 
oscillator signal distribution at the Very Large Array (NRAO 1967), and 
has been used on interferometers (Little 1969) including a 100 GHz 
Preerenone? er (Archer 1977). This method places oscillators at each 
end of the cable that send signals of the same frequencies down the 
cable in opposing directions. These signals are sampled at any point 
along the cable and go to a mixer that adds the two frequencies 
together and adds the phases together. The phase of each signal is 
proportional to the distance from the oscillator. Since the sum of the 
distances to the two oscillators always equals the total cable length, 
the phase produced is always the same, wherever the mixers are placed. 
This system has a form similar to the 408 MHz LO if only one mixer is 
used, and it is placed adjacent to one of the oscillators. There is 
one important difference though, this method supplies signals of equal 
phase to all the receivers attached along the same line but the 408 MHz 
system does the same for receivers attached to separate transmission 


lines. 


A more sophisticated method involves sending a signal up and down 
the line to measure the line length. The phase of the master 
oscillator can then be adjusted to oppose any length changes. This 
method was originally described by Swarup and Yang (1961). The 


1420 MHz local oscillator system in the Synthesis Telescope is based on 
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this technique (Shimozawa 1968, Landecker and Vaneldik 1982) as is the 


LO system at the VLA (Napier, Thompson and Ekers 1983). 


4, Theory of 408 MHz Local Oscillator 


It was decided not to copy the 1420 MHz LO design for several 
reasons. First, some features of the 1420 MHz system were not required 
at 408 MHz, and hence the system did not have to be as complicated. 

One feature not needed was the continuously variable phase to stop the 
fringes. At 408 MHz fringe derotation is done in the Digital Signal 
Processor. Another reason is that the 1420 MHz system does not correct 
for IF phase uncertainty. This can be significant since it may be as 
large as one degree of phase per degree of temperature differential. 
This amounts to 8% of the total instrumental phase error. When various 
LO schemes were being investigated, a method that corrects for the IF 


phase was discovered and it was decided to implement this design. 


The 408 MHz local oscillator does not deliver a signal whose phase 
is independent of line length to the receiver mixer. On the contrary, 
this phase is very dependent upon the line length, but it changes with 
transmission line length in an amount and sign so that it cancels the 
phase that the IF signal acquires travelling down the transmission 
line. Thus, in contrast to other systems, this system delivers an IF 
phase independent of the line length. The theory and design of this 


system will be detailed below. 
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I will explain the theory of operation of the 408 MHz local 
oscillator in step-by-step manner beginning with a very simple circuit 
Ine tne tops halt: of Eigh3e425 This circuit has an oscid lator attached 
to a transmission line. The notation used is [frequency]/[phase]. The 
Output undergoes a time delay due to the transmission line which, for a 


Single frequency, is equivalent to a phase shift. 


In the lower part of fig. 3.4, a phase locked loop is built around 
the transmission line. The voltage controlled oscillator (VCO) is at 
One end of the line and the phase detector is at the other end. The 
VCO frequency depends upon the loop filter output voltage. The loop 
filter tries to force the VCO frequency (and phase) to a value so that 
the output of the phase detector is minimized. The output of the phase 
detector is a function of the frequency difference of the two inputs 
or, if the frequencies are equal, the phase difference. For this 
illustration, assume the output is minimized when the inputs are equal. 
Now suppose that this negative feedback loop has arrived at the point 
where the frequencies are equal. It will now attempt to make the 
phases equal. Referring to the diagram, this requires $=a-wk/c or 


a=ptwr/c. 


It becomes obvious what must be done to make the output phase 
independent of line length: combine the two signals in a mixer and 
select out the sum with a filter. The output then has a frequency and 


phase: 2w/2>. 
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The similarity to the original VLA LO scheme is apparent: we have 
two oscillators of equal frequency at each end of a transmission line 
and their outputs are combined in a mixer to produce a signal with 
double the frequency. The difference between this design and the 
earlier designs is that the remote oscillator is phase locked to the 
local oscillator. This means that parallel systems on different 
lengths of cable have identical output phase. Without the phase locked 


oscillator, only mixers along the same line have the same phase. 


Above, it has been implied that the separate signals now use a 
common transmission line. This would cause difficulties in the 
implementation of this design. With “ideal” mixers, the output 
frequency and phase are the sum and difference of those of the two 
input signals. Ina real mixer, there is a small amount of coupling 
from one input to the other. This means that a signal can mix with 
itself and double its frequency and phase. If this occurs, then there 
are three output signals with a frequency 2m with the following phases: 
26; 2>-2we/c; 2t+2we/c. To make the output independent of length, the 
last two signals must be of equal amplitude if they are to cancel 
exactly. The amount that these undesired signals must be suppressed is 
large. Consider a desired signal vector with an undesired signal 
vector placed at the end. The greatest angle that the resultant makes 
with the desired vector occurs when the desired vector and the (small) 


undesired vector form a right angle. If an error of 1° is acceptable, 
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the ratio of the lengths of the two vectors is 0.017 or -35 dB. -50 dB 


results in a 0.2° maximum error. 


Another way that this problem could arise is with reflections from 
impedance discontinuities (such as connectors or bends) along the 
transmission line. Reflection errors cannot cancel in the same way 
that spurious coupling errors can because there is the phase due 
to the extra path length added to one of the error signals which isn't 
present in the other. In anticipation of difficulties such as these, 


the design was modified by offsetting the two frequencies. 


Suppose an offset oscillator and a mixer are added to the system. 
They can shift one of the signals either up or down in frequency 
depending on whether the sum or difference frequency is selected. To 
preserve phase, this offsetting frequency must be sent down the cable 
along with the shifted signal. At the other end of the cable, the 
offsetting frequency restores the shifted signal to its original 
frequency. By carefully choosing the order in which the three signals 
are mixed together, the problems discussed previously can be reduced or 


eliminated. 


The offset oscillator will make the system more complicated. Now 
three RF signals travel up and down the cable, as well as the VCO 


control voltage and the IF signal. One way to reduce the number of 


Signals on the coaxial line could be to divide one of the frequencies 
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by two at one end. Then the shifted Signal and the offsetting signal 
are the same. With this configuration one would have to make certain 
that all the components in the system are very linear, so that the 
halved signal is not doubled before the doubler and interferes with the 


other signal. 


There is another way to apply an offset to the two signals that 
doesn't require that the offsetting signal be sent down the coaxial 
line. Instead of shifting only one of the signals, both are shifted 
equally in opposite directions. The offset cancels when these two 
Signals, wtwoff and w-woff, are mixed together to produce a 
sum, 2w. A block diagram illustrating this circuit complete with 
Signal frequency and phase is shown in fig. 3.5. Notice that the 
length-dependent phase terms do not cancel exactly and produce a phase 
error -2Wo¢¢ &/c. There are two ways to deal with the error: 
reduce the size of the offset until the error is insignificant or make 


the error do something useful, that is, cancel another error. 


It was decided to use this phase error to cancel the length 
dependent phase that the IF signal gains as it travels down the 
transmission Re, If the LO frequency is below the reception 
frequency, the LO phase changes sign upon mixing, and the sign of the 


phase added to the IF signal as it travels down the coaxial line is 


Y= ~ he” i. ae 
! 7 ey, 


fe 


w aon a Sa 
(haghe gntzs wetio: sit bas: fenpte ww aR _ 
_ ee : 
ste) ofa uy oven i Fou - amen 2s on La 
pabuges 
ats todd Ge .resnr! yew one note as at esngne 3 af is 390 
w eataPresnt tne raiduap ai: eta ans son * tama bavisd 


: 7 o: 4 ; = z sd oOo 


6 7 - ae 


ois Aa 


7 
e 


‘aa - ve wa 


sont efengts ce o2-02 oe AB viqge od qo asisons at a 
{,?xe02 off nwok. 2nge SO ‘banda i ahi oft teria. on tups 2 90D 7 

bgitiae ana hed ,etenghe. ai? 30 ohe vad ontattde to pestanl aly. 
ont saditt noitw efeones. tea7%0 aT 2004 229th e1tzoqgo i i, 


6 suhotg of tsiepos boxth ous ,Faqeew Des. vere a é : 


ittw.ssaldmes piwatho zh Cit aerseuett ronpet wold, Oh AB a 


= ir 
ad} gant a2 i Yo" 248 agit at qworte et ital bas. a 
Mp (isopee fashes vor oP eng? srariq. erage 


eettia &® adeheti 
vomte. beth iia, ‘ev ode ayew: Obes o78  o108t 2 rons m9 - 
ode ww Inert) rhpitedt. + adie ‘atid ivan ento a te oxte sili 
1e1m8 venitane jf tesaed ei sand Dna pee ob “ fit 


Le hie. bs 
Sa al 


tdqast ad faa rT of wnt ‘sanna sil wu ot sicaaa oe 
on et — 
gitt oneal cached ae a3 att a ig s26rg | tas 


ated of “one fie hi 4s avi 11 anit om teeta 
nesta 9 ae ara .yansur 


; rari 
a att — ’ apatati 0 a 
ah tf aa th ta A 
i — ae er 
es: 7 : 
7 einen 


92 


negative. Thus to obtain cancellation, the following must be true: 

PIF Z/C. =Reuorre/c 

OO tine Es 2 

The offset frequency must be one half the IF centre frequency. This is 
the basic principle of operation of the 408 MHz local oscillator 
system. Fig. 3.5 is a very simplified block diagram of the system 
showing key elements and frequencies and phases. Many essential 
devices such as filters and amplifiers have been left out for clarity. 
Another deviation from the actual circuit for clarity is the use of a 
Separate transmission line for each signal; in reality they are 
multiplexed onto a common transmission line. The actual frequencies 


used are: 


We = 408 MHz 
WTF = 30 MHz 

w = 189 MHz 
Woff = 15 MHz 


Figure 3.6 is a different kind of block diagram. Here the actual 
components that make up one local oscillator are shown with signal 
frequencies. A number of subsystems common to all local oscillators 
have been left out, namely the following signal sources: 15 MHz, 189 


MHz, and 204 MHz. 


routi sd tw wtwarior — its 5 nites 
7 ee « whe 
. svar > ro a0 ‘ 

ctniT .ysrtewpet? gtdn9s yt hed ong P aaa a 
yore! fiseo Faoot sh B08 it % ewndersao *s. statonth 
t meapeib sunk miners 19" 6 2t at an mail 
viel apni bens “we fae ypatt bas ernomels: - yot pat pworla 
«strata wt Jud Hal neae vet. Henrh ten: bie postr x four = otysb 
tedriis (suds od mor? ‘not reread r9¢ 10004 


a? 


mas2eye arg 


fsiftagees % 


6 70 98h BAY 27 ysPISlo 197 


any yatt varies ms “feagre des Ww? anit ratectmensnd” stb 192 


zetanaupant f6ui5e ant cnn no iidieenaied nonens & omno bexstqra ‘im 
af ; _ 7 “ 7 i _ 
| ‘ . . ' Ps e218 S —beeu . 
7 P . Ldn 0 bie do tena § 
hie ae = F eee aeae 7 
su Ok = Tye : 
; Nat i= 9 Pee bits = 
she Of * Ava oa) ehhen fem 
; 7 a) 


- 7 


fgurss ait 70M “mana: Ageia ta, ont minnow wry 
fengt2 citiw aoe: 6 abgadty 220 fesol 0 eee m3 2 ae 
esotefi Taee ase te i ot naomi aupsexedud aden ee toneup: 


seat font  gntwot Tot oft % temo 
— ve ; 


eer , sm er 


215: 
OFFSET 
OSciLLATeR 


pte LP. 
ceoof 
He FILTER + __—— ¢___.. 


Wepre | 0+ © (u2- ) 
2 cee [k-% (co~ Hee) 
Pe tot BS) 


YCco 


(W- Were) 
o~ 


MASTER 
OsciLLAToR 


| (Wg Quo) /B-29 + E (2a 4) 


a, /p-ag+8 (20,¢)-£ (ry) ty-2w= WwW, 
ov We / bs 2g 


"4 Wp se 2 W ote 


Frequency/Phase Scheme of Local Oscillator System 


Figure 3.5 


94 


9°€ ainBbiy 


Axs Wows \7 "a49Y UMOYS JOU S4IBAIBI9I []}B@ O} UOWWOD Sadinos 
walace xs Y Y } | II } 


l\EUBIG “4AAI}@DO4 BUO 410} JOPEWIDSO [e907 


ne dW¥ Bud 
Baw sce | ~ al 
EN SNIOMLEN BDAINIBWOD 3¥ 
os Dae pre [pee dny¥ = 
Aw a/ 
EJ mrs oa] EZ > SHW oc 


we $, wg] ° 
X) A CAVE Te} Biwi ber 
-_ BWYOD eos 
of BER: uf ™ a 
> AG 
aro X bef] Kj HY & +X) Tey 
ony rary y) ih v4! 
yard ax 
P) CON mm {CF 
vd aU -aipchpohy pan 19alNwosd 
aP / @ Syw | waingWos 
Buw 21 
oon ETDS et 5 
yf ~ 


FAL wesrdisd YaLsiws 
007 Bsvna BSVKd 


lenets Asvis ier ano yor sotstiio#® {aood 
mmon 2eo01g0e 


eyed wore tor exrevieoo ite ef no 


9.6 s1uBIA 


95 


Se Design of 408 MHz Local Oscillator 


Here I will describe how a system was designed and constructed 


that fulfilled the requirement outlined in the previous sections. The 
design required that signal levels be at optimum levels and that 


Spurious signals be minimized. 


Sources of Error 


First, several sources of error that influenced the design will be 
discussed. These are spurious signals, phase errors due to reflections 


and crosstalk between signals, and phase errors due to dispersion. 


In the explanation of the theory of operation of this system, it 
has been assumed that the electrical length of the transmission line is 
the same at all frequencies. That would be true if the dielectric of 
the coaxial cable was a vacuum, but is incorrect for any other 
dielectric. Referring to fig. 3.5 and using the following 


Substitutions: wW-Woff = “174 


electrical length at 174 MHz = £174 
ual Os tpea 204 
electrical length at 204 MHz = L094 


The phase error of the IF can be written as: 


_poocaenahel aes seni 
ee ne | 


oma M0 wetness | = 


ce= WTF 2 IF (204 £204-4174 £174) 
= WIFLIF-(0204 21F-4174 LIF + 
204(%204-21F) -%174(2174-£IF)) 

7 “FAT Rol 204-4)74)2 1-4 

204 (2204-L1F )-4174(2174-21F). 
Since 294-4174 = IF, 
ce= w204(£204-L1F )-4174( 2174-LIF). 
If the dispersion was zero, all the electrical lengths would be the 
same and the error would be zero. The significance of this error is 


determined by taking the derivative with respect to jf 


dap) 204 dei diy, 

To assume d&o9q4/d£jF2d2174/dkjf is reasonable since 

174 MHz and 204 MHz are similar in frequency relative to 30 MHz. Now 
Suppose that the relative change in length at the high frequencies is 
0.99 of that at 30 MHz. (Experimental measurement of the dispersion 
showed that the actual value is closer to one.) Using these values, 
the phase error per unit length is 


dea 360°x30x106/sec | 


dire 300x10©m/sec 


= -.36°/m 


99-1) 


The actual error is probably much less than this since the dispersion 


is much less and the differential length change will be much smaller 


than lm. Thus it is safe to ignore effects of dispersion in the 


transmission line. 
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Spurious signals were a serious problem that was discovered with 
the prototype LO system and required the circuitry to be modified. One 
type of spurious signal was due to mixing of 174 MHz and 204 MHz in 
certain devices to produce 30 MHz in the middle of the IF band. This 
Signal was generated in the devices that combined the different signals 
Onto the coaxial cable. Non-linear characteristics in ferrite devices 
caused a small amount of mixing to occur. Using combining techniques 
that do not use these components reduced this interference to very low 


levels. These methods will be described later. 


Another type of interference was phase modulation of the 174 MHz 
VCO by voltages induced on the center conductor of the coaxial cable by 
the AC power lines running to the antennas. Minimization of the VCO 
gain (i.e. change in frequency for a change in control voltage) and 
optimization of the loop filter parameters reduced this phase 


modulation to barely measurable and insignificant levels. 


Although solid shield coaxial cable should have extremely good 
isolation from external electromagnetic fields, this cable was 
installed with both ends grounded and this impairs the low frequency 
shielding characteristics. For maximum shielding of a conductor, the 
Current return path should be parallel to and as close as possible to 
the current forward path. This makes the current loop as small as 
possible and reduces the number of magnetic flux lines intercepted. 


When both ends of the coaxial cable shield are grounded, part of the 
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current returns via the ground, increasing the area of the current loop 
greatly, and increasing the coupling to external fields. Although it 
may have been possible to improve the shielding by isolating one end 
from ground, it was decided to design the phase locked loop so that it 
had immunity to this source of error. Ungrounding one end might not be 
permanent since it could easily and unknowingly be grounded again, 


degrading the system. 


The unwanted signal induced on the cable is composed of 60 Hz with 
numerous harmonics. The induced voltage was measured with an 
oscilloscope and was found to be 3 mV peak to peak. The phase locked 
loop counters this error signal so that the output phase error of the 
_ VCO is 1° peak to peak. The rms error is much less since these phase 


error peaks occupy only a small part of the 60 Hz period. 


The last source of error to consider is due to partial reflections 
along the coaxial transmission line. Reflections are due to variations 
in the transmission line's characteristic impedance which can result 
from bends, damage, or connectors. There are two ways in which these 
reflections can cause errors. First, suppose the line has at least two 
sources of reflection separated by a length of cable. Now the signal 
can travel to the other end of the cable via a direct path or by a zig- 
zag path which involves at least two reversals of direction due to 
reflections. These two signals add vectorially at their destination 


and could have nonzero phase with respect to the ideal situation 
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without reflections. This is because the two signals have travelled 
different distances and hence have unequal phases. The relative phases 
will change if the cable expands or contracts since one signal 
traverses the length of cable between the reflections three times, 
while the other passes through only once. Since phase stabilized local 
oscillators always have signals travelling in both directions in the 
transmission line, the error can be minimized by making the two signals 
close in frequency so that they are each affected by the reflections in 
the same way and the differential phase error approaches zero (Thompson 
1981). Errors can also be minimized by reducing or eliminating 
reflections by using high quality connectors and minimizing the number 
of connections. Distributed line attenuation will help by reducing the 


relative amplitude of the reflections. 


In this LO system, single reflections are also a potential source 
of phase errors. If part of the 204 MHz signal is reflected back to 
the central unit, part of this may leak through the skirts of the 174 
MHz filter and mix with 189 MHz to produce 15 MHz which would interfere 
with the 15 MHz signal produced from the 174 MHz signal. The phase of 
the 174 MHz signal carries information on the length of the line and jis 
thus important. This type of interference can also occur at the remote 
end of the transmission line by 174 MHz leaking into the 204 MHz path. 
The problem is less severe here because the 204 and 174 MHz signals are 
mixed and a 174 MHz signal entering via the wrong port of the mixer is 


a small error. This source of error was controlled through careful 
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specification of the filters so that the filter skirts attenuate the 


unwanted signal by a sufficient amount. Details of filter selection 


are in the section on filters. 


Voltage Controlled Oscillator 
The voltage controlled oscillator (VCO) is one of the key 


components in the local oscillator system. It is part of the phase 
locked loop and its frequency is controlled by the voltage from the 
loop filter. What makes this device so important and useful is that 
the phase is also determined by the control voltage. This is because a 
VCO is a perfect integrator; the output phase is proportional to the 
time integral of the control voltage. The phase relative to another 

_ oscillator is set by initial conditions and can be adjusted by 
modulating the control voltage momentarily. For this reason the VCO jis 
used to adjust the LO phase to compensate for coaxial line length 


changes. 


The voltage controlled oscillator part of the system actually 
consists of the VCO itself followed by an amplifier which isolates the 
oscillator from its load and provides power gain. The oscillator is a 
simple common collector Clapp design. The frequency is determined by a 
voltage-variable capacitor (varactor diode). Although it is possible 
to use a simple oscillator to drive resistive loads, this device must 
be attached to a filter which is a complicated load. A load like this 


will make the frequency of oscillation unpredictable near the passband 
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because it becomes part of the frequency selecting circuit and its 
impedance changes rapidly with frequency. To ensure a constant load, a 
10 dB attenuator is attached to the oscillator output and is followed 
by a high gain commercial hybrid amplifier (Motorola type MHW-591). 
This arrangement provides enough isolation so that the oscillator 


Operates predictably. 


The oscillator schematic is shown in figure 3.7. The oscillator 
is built around a medium power UHF transistor (2N5109). This 
transistor is used in the 1420 MHz LO and has proven to 
be very reliable there. Neglecting biases and power supplies, the 
circuit is very simple. The inductor with the two variable capacitors 
form a parallel L-C resonant circuit. Cq and C5 also contribute to 
the parallel capacitance across the inductor, but their primary 
function is to form a reactive voltage divider that provides the 
correct feedback ratio for the circuit to oscillate. The ratio of 
C4 and C5 to Cqa determines the step-up ratio from the emitter to 
ground to base to ground. There are two frequency adjustments: the 
coarse frequency setting and the control voltage. In each case the 
reverse bias on a varactor diode is adjusted. A series capacitance 
establishes the range of the variable capacity. The output power is 


coupled by an inductor in parallel with the tuned circuit inductance. 


DC bias voltages are applied to the circuit through radio- 


frequency chokes consisting of single layer solenoids of #22 enameled 
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Figure 3.7 Voltage Controlled Oscillator 


102 


103 


wire wrapped around large value 4 watt resistors with ferrite beads on 
one lead. The base and emitter bias voltages are set inside a shielded 
box external to the oscillator chassis and enter this box through 


feedthrough capacitors. The control voltage also enters through a feed 


through capacitor. 


Although the circuit is relatively simple, printed circuit boards 
were used to try to make the VCO easy to build with repeatable results. 
In spite of this, oscillators had to be individually adjusted to make 
them oscillate properly. The size of C3 sets the tuning range or the 
gain of the VCO. In some cases Cq and C5 were adjusted so that the 
feedback ratio was large enough for the oscillator to be self-starting, 
. but not so large that the output was distorted. The coarse tuning 
potentiometer was adjusted to centre the tuning range on 174 MHz and 


Veg was adjusted so that the emitter current was 100 mA. 


The output power of the oscillators is about 1 mW. This was 
increased to 500 mW by the buffer amplifier. The second harmonic was 
-35 dB with respect to the fundamental although the fourth harmonic was 
only -20 dB down. For this reason a filter follows the amplifier. The 
average gain of the five VCO's produced is 0.7 MHz/volt or 


4.3x10© rad/sec/volt. 


Phase Detector and Loop Filter 


The phase detector and loop filter are essential elements of the 
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local oscillator. These devices set the VCO frequency and also control 
the VCO phase. What has made the design of the loop filter interesting 
is that it is separated from the VCO by a long cable which has a time 
delay and associated capacitance. Poles due to the frequency 
multiplexing circuitry made the design even more challenging. The loop 
has good performance: no false lock frequencies are known; phase noise 
errors are less than 1° peak-to-peak; and the transient response is 
adequate with damped oscillations due to a phase step shorter than 

0.2 ms. A computer program has been developed that predicts the loop 


stability as well as frequency response. 


The phase detector used is a Motorola MC12540 emitter coupled 
logic (ECL) phase/frequency detector (PFD). This device, or its 
equivalent in other logic families, is now widely used for phase locked 
loops. What makes it so attractive is its simplicity: besides the 
detector and loop filter, all that is required are devices to convert 
the input signal levels to ECL levels. Additional frequency 
acquisition circuitry is not required, because when the loop is 
unlocked, the PFD automatically produces a frequency sweep. Additional 
circuitry is included for lock detection and indication, and display of 
VCO control voltage. The phase detector and loop filter are shown in 


Fig. 3.8 and the lock detector is shown in Fiigvies 9. 


The PFD has an almost linear voltage output versus phase transfer 


characteristic over a range of phase from -2n to +27. The PFD contains 
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a flip-flop triggered by the rising edges of the two input wave trains. 
The output is a pulse whose width is equal to the time delay between 
the two rising edges. Two complementary outputs are provided: one has 
pulses if the phase difference is positive, the other is triggered if 
the difference is negative. Thus one output is active from a time 
delay slightly greater than zero to just less than one period. The 
Other output is active on the other side of zero delay. This is how 
the device has a range of +27. In practice, for small phase 
differences the pulse width is so narrow that the rise and fall times 
reduce the gain causing a departure from the ideal linear transfer 


characteristic. 


The PFD behaves in a similar manner if the input frequencies are 
different. The sign of the difference determines which output is 
activated. The manufacturer's data sheet claims that the active output 
has a DC level, but this is not true. Experiment has shown that the 
output waveform is actually the beat frequency. The waveform shape 7s 
not important as long as a signal appears on the correct output to tune 


the VCO in the right direction. 


The complementary outputs of the PFD are connected to the 
differential inputs of the loop filter. The loop filter uses a low 
noise, high gain operational amplifier. An active design was chosen 
because it is a closer approximation to an ideal integrator due to its 


high low frequency gain and thus reduces the static phase error needed 
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to produce the VCO tuning voltage. The resistors and capacitors 
determine the filter transfer function which is dependent upon the 
transfer functions of other components in the PLL. An emitter follower 
drives the coaxial line. This transistor steps up the load impedance 
so that the line capacity does not degrade the filter's 


characteristics. 


High speed voltage comparators convert the input sinusoids to 
square waves at TTL levels. A DC block and a voltage divider change 
this to ECL levels. On the same circuit board is the mixer that 
converts the 174 MHz signal from the VCO to 15 MHz. The mixer output 


is filtered to remove the sum product. 


Many of the components on the phase detector and loop filter 
Circuit board are for indication of loop operation. Two op-amps are 
wired as voltage followers and are connected to the control voltage. 
One drives a front panel meter and the other buffers a front panel test 
point. An auxiliary phase detector is made with an exclusive-or gate 
and is part of the lock indicator. The output of the gate is filtered 
and compared with a decision voltage level to determine if the phase 
error is too great. In parallel with this circuit is a missing pulse 
detector to determine if signals are present, since if both signals are 
missing, the input phases are equal and the detector would falsely 


indicate a locked state. A second missing pulse detector lengthens 
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momentary losses of lock so that they may be observed. The lock 


detector drives an LED indicator. 


Synthesizers 


All frequency sources are locked to the Observatory frequency 
standard. A commercial frequency synthesizer was purchased for the 


189 MHz source and a simple synthesizer was designed and constructed to 


generate 15 MHz. 


The SST frequency standard provides signals at 10 and 1 MHz. 
Neither of these can be used to produce 15 MHz easily. Rather than 
. building a PLL synthesizer, a simple low cost synthesizer using 
Standard low-power Schottky TTL devices was constructed. The circuit 
is shown in Fig. 3.10. The input (10 MHz) sine wave is converted to a 
square wave by a high speed comparator. The signal is split, one part 
is divided by two in frequency (5 MHz) by a D flip-flop, and this is 
mixed with the other part (10 MHz) to produce 15 MHz which is filtered 
before the output. An alternate method of generating 15 MHz would be 
to take the 5 MHz square wave and filter out the 15 MHz component. The 
former method was chosen because the mixing is done in a way so that 
the output waveform is a square wave at 15 MHz. This technique places 
the desired signal about 16 dB above the unwanted frequencies, 


improving the output spectral purity. 
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To maximize the 15 MHz component in the Output, the output of the 
digital mixer must be as close as possible to an ideal 15 MHz square 
wave. To accomplish this, the pulse width of the 10 MHz square waves 
is shortened to that of 15 MHz pulses and the relative timing of the 


two wave forms is adjusted by a string of inverter gates before mixing 


in an exclusive-or gate. 


Two stages of filtering follow the digital circuitry. A band-pass 
filter selects the wanted component and three carefully tuned notch 
filters enhance the rejection properties of the band-pass filter skirt. 
One advantage of this synthesizer design is that the spurious signals 
are all at predictable frequencies - multiples of 5 MHz. In this set 
_ of filters, two shunt notch filters (at 5 MHz and 20 MHz) are separated 


by a series notch filter (at 10 MHz). 


There were a number of important considerations in the 
implementation of this design. Careful shielding was required to 
prevent the many harmonics of 5 MHz generated by the synthesizer from 
being radiated. The synthesizer circuitry, band-pass filter, and set 
of notch filters were each placed in individual boxes which in turn 
were shielded within the chassis so that all the circuitry was double 
shielded. The synthesizer was built using wirewrap techniques which is 
appropriate for building one of a kind devices like this and is 
Suitable for use at 15 MHz. It also allows for easy circuit changes, 


such as in the adjustment of the digital delay line. The filtered 
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output is connected to a 10 dB directional coupler and an eight-way 
power splitter to provide a 15 MHz Signal for the 204 MHz source, and 
eight identical front panel outputs. At the present, only four outputs 
are required, but additional outputs were provided in anticipation of 


the addition of more dishes to the Synthesis Telescope. 


One problem with this synthesizer is that there are random 180° 
phase jumps in the output. The source of this is not understood. The 
flip-flop changes state without the proper corresponding input. This 
Stage continues to operate correctly, but with phase shifted 180°. The 
mean time between these glitches is on the order of several minutes. 
Fig. 3.5 shows that the phase of the 15 MHz synthesizer cancels in the 
generation of 378 MHz and is therefore unimportant. The phase locked 
loop follows the phase jump without becoming unlocked. The effects of 
this problem are therefore not apparent beyond the output of the 


Synthesizer and could be ignored. 


204 MHz Source 


A 204 MHz signal is sent up each cable to each focus box and is 
mixed with the 174 MHz signal to produce the 378 MHz LO. A 204 MHz 
signal is generated by mixing 189 MHz and 15 MHz together and filtering 
the sum. This signal is then split eight ways and is amplified before 


being sent up the coaxial transmission line. Eight outputs were 


provided to accommodate future expansion of the Synthesis Telescope. 
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This subsystem was constructed with commercial components. The 
components were placed in a shielded chassis to prevent spurious 
Signals, especially the second harmonic of 204 MHz, from being 
radiated. Leakage was measured with a UHF receiver and a small loop 
antenna in very close proximity to the chassis. Signals were barely 
detectable with this setup and it was decided that these Signals would 


be too weak to interfere with the radio telescope. 


Phase Shifter 


One unique feature of the 408 MHz Digital Signal Processor is that 
fringe derotation is performed after correlation, and not with the 
local oscillator as is the usual practice. However, 90° shifts in the 
local oscillator phase are required during calibration to establish the 
real and imaginary channel gains and the orthogonality between these 
two channels. In addition, 180° phase shifts are required for phase 
switching, which cancels out constant-level offset errors along the 
Signal path from the receiver mixer to the correlator. For these 
reasons, a method of obtaining computer controllable 90° and 180° phase 


shifts had to be devised. 


The method selected was to control the phase of the 15 MHz 
reference used by the phase locked loop phase detector by switching in 
lengths of transmission line. The phase shifting is done at 15 MHz 


rather than 189 MHz so that the desired accuracy (less than ~2°) can be 
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obtained without excessively small tolerances for the cable lengths. 
This method is superior to other methods, such as lumped-value 
component networks or digital circuits, because of its easy adjustment, 


high accuracy and long term stability. 


The switch driver circuit is shown in Fig. 3.11. Two TTL level 
Signals - one for 90° and one for 180° - are sent from the Digital 
Signal Processor for each receiver. Thus two switch drivers are 
required for each of four antennas. The control signals are sent down 
a long (~300m) twisted pair cable from the main building to the 
Synthesis Telescope building. They are received by U, through a 
voltage divider. U, is a high speed voltage comparator whose 
reference level is set at 1.7V by a voltage divider. Two complementary 
Outputs are available on this integrated circuit, and they are at TIL 
levels. One output controls the switch driver, and the other controls 
the LED display driver. Qo and Q3 are a complementary pair of 
emitter followers that provide +4V drive to the switch board at about 
40 mA. Ql and associated components act as an interface between the 
single ended TTL output of Ul and the double ended drive required by 
Qo and Q3. Qq and Q5 switch current through the indicator 


LEDs. Qq is also an inverter for the input signal to Qs. 


One switch section is shown in Fig. 3.12. PIN diodes have a low 
resistance if forward biased and a high resistance if reverse biased. 


If the switch drive is positive, then the delay line is connected to 
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the input and output through the forward biased PIN diodes and the 
short circuit is grounded. If the drive is negative, then the delay 
line is isolated and the short circuit section is switched in. The 


forward bias current of the PIN diodes is about 10 mA. 


RF /DC Combining Network 


Since the coaxial cable to the antennas carries both radio 
frequencies and DC, a circuit was developed to combine and separate 
these two types of signals. The device is simple; consisting of a 
capacitor, resistor, and a feedthrough capacitor inside a shielding box 
with connectors and is shown in Fig. 3.13. The development of the 
device was not so simple, since it involves not only the separation of 
very low and high frequencies, but also phase locked loop stability, 


phase noise suppression, and spurious signal generation. 


This device provides two signal paths, one through a DC block and 
the other through an RF block onto the common coaxial line. The RF 
block should have the smallest DC resistance possible, otherwise low- 
pass filters are formed in the VCO control line due to the series 
resistance and either the coaxial line capacitance or the feedthrough 
Capacitance in parallel. These poles have a detrimental effect upon 
the phase lock loop stability. The original design had several turns 
of wire through a ferrite bead which satisfied this requirement. 


Unfortunately, the ferrite material has non-linear characteristics 
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which mixed the 204 MHz and 174 MHz signals together to form a 30 MHz 
interference signal. An inductor with a large enough reactance could 
not be constructed without ferrites at these frequencies. For this 
reason, a resistor had to be used. A small 2.2 nF Phillips ceramic 


plate capacitor was used for the DC block. The DC feedthrough 


Capacitor has a value of about 2.5 nF. 


Two conflicting requirements made selection of the resistance 
difficult. For phase locked loop stability, any poles should be far 
away from the origin when plotted on the complex frequency or s-plane. 
This resistance is in series with the VCO control voltage, and always 
has a shunt capacitance following it, forming a simple R-C low pass 
filter. The pole location is inversely proportional to the resistance 
value, so to move the pole away from the origin the resistance must be 


made smaller. 


The phase locked loop can be made to lock for a number of 
different series resistances, but the open loop gain must be reduced as 
the poles are moved closer to the origin to maintain loop stability. 
The consequence of lower open-loop gain is that output phase noise due 
to noise on the VCO control voltage is suppressed less. Therefore, to 
have a stable feedback loop with good noise rejection, the values of 


the decoupling resistances should be made as small as possible. 
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Figure 3.13 RF/DC Combining Network 
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Figure 3.14 RF/DC Combining Network 
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At radio frequencies, the end of the resistor connected to the DC 
port is effectively connected to ground by the feedthrough capacitor. 
Thus it appears as a shunt resistance across the junction. Immediately 
we can see that the resistor must be as large as possible, to minimize 
interaction with the other circuits. If we assume that all other loads 
are 508% at their frequency of operation, the mismatch due to this 
parallel resistor is easy to calculate. This is tabulated below with 


measured values at 200 MHz in parentheses: 


R R//502 VSWR = Reflection Return Loss 
Coeitr 
1002 332 oc 0.20 14 dB 
200 40 bias Oe 0e16)) 19 (16) 
300 42.9 Ibe te) 0.077 22 
1000 47 .6 Oe) 0.024 (0.11) 322 19)) 


Of course, these calculations are only a crude approximation to 
the actual values because it was assumed that the components were ideal 
and without parasitic capacitances or inductances. The numbers in 
parentheses were obtained from measurements of an actual combining 
network with a network analyzer. The RF port was terminated with 50x, 
the DC port was unterminated, and the return loss was measured through 
the sum port. The return losses were plotted for 2002 and 10002 in 
Fig. 3.14. At 200 MHz, the return loss for the 10002 combiner was 19 
dB instead of 32 dB, and for 200s it was 16 dB instead of 19 dB. Thus 


parasitic elements degrade the performance, especially when large 
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values of resistance are used. In fact, the 10002 combiner is only 3 


dB better than the 2002 combiner. 


In light of the two conflicting design specifications upon the 
decoupling resistances, and also the practical limitations on the 
network performance, it was decided to construct the RF/DC combining 
networks using a 2002 resistor in the network at the local end of the 
cable, and a 10002 resistor at the remote end. The large value can be 
used at the remote end since the capacitance following the resistor is 
much smaller (~2.5 nF) than the capacitance following the resistor at 
the local end (~33 nF). Since it is the product of R and C that is to 
be kept small, if one is reduced, then the other can be increased. The 
- performance in this configuration is good: the network is no longer a 
source of interference; the mismatch is small enough that there is no 
adverse effect upon the high frequency circuits; and the noise 


rejection characteristics of the phase locked loop are good. 


RF Combining Network 


Three radio frequency signals are multiplexed onto the coaxial 
transmission lines running from the dishes to the Synthesis Telescope 
building: the IF band of 28 to 32 MHz, 174 MHz, and 204 MHz. These 
three signals must be combined and separated in such a way that each 
subsystem appears to be independent of the other two. The simplest way 


to do this was to purchase a commercially built three-way power 
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combiner which provides a high degree of isolation between the inputs. 
However, mixing occurred between the 174 MHz signal and the 204 MHz 
Signal producing an interfering carrier at 30 MHz in the center of the 
IF band. These combiners depend upon ferrites to obtain their 
broadband characteristics, and the non-linear characteristics of the 
ferrites can make them into mixers. For this reason a combiner was 
designed and constructed that did not depend upon ferrites. The design 


of this device will be explained below. 


After the commercial three-way combiners were rejected, a "T" 
junction was evaluated. A simple parallel junction will work if the 
impedance of the off-resonance devices is large compared to the 
resonant device. A length of transmission line can be used to 
transform the off resonance impedance of a filter to something more 
desirable, without affecting the pass-frequency behavior. Tuned 
lengths of transmission line are a satisfactory solution because this 
junction is not broad band: it has to work at only three frequencies. 


Thestinalecicrcuitais shown in big. 3.15. 


The first step in the design procedure was to measure the terminal 
impedances of the filters. The 30 MHz filter had not been constructed 
at this point, since its design depended on the higher frequency 
components. The input impedance of the 204 MHz filter was measured at 
174 MHz, and the 174 MHz filter was measured at 204 MHz. Since these 


filters were not of a symmetrical design, the impedance of each port 
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Figure 3.15 RF Combining Network 
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was different, and both ports were measured. These impedances were 
plotted on a Smith Chart (Fig. 3.16) along with the output impedance of 
the IF preamplifier and the input impedance of the IF amplifier. 
Attaching a length of transmission line to an input moves its apparent 
impedance along a constant radius in a clockwise direction about the 
centre of the chart. The desired destination for this point is the 
region of very high impedance. In selecting which end of the filter to 
use, the end that required the shortest length of transmission line was 
used. Another consideration was the variation of impedance with 
frequency: ports with the least variation were preferred. These 


coincided with the ports requiring the minimum length of cable. 


The effect of these filters and their transmission lines at 30 MHz 
was determined next. The parallel combination of the two filters 
through the coaxial lines was found to be -j402. This information is 
important in the design of the filter that prevents the high level 
204 MHz and 174 MHz signals from getting into the IF amplifiers. This 
parallel impedance modified the necessary value of the first element in 


the filter. 


It was decided to build a three element low-pass filter rather 
than a more complex band-pass filter. The first design was a third 
order Butterworth design for a 502 load and with a half-power frequency 
of 40 MHz. This was not a practical design since to obtain the correct 


value for the first shunt element, an inductor would have had to be 
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used instead of a capacitor because of the large capacitive admittance 
of the high-frequency filters. The problem with this inductor was that 
its value was so large that a ferrite core inductor would have had to 
be used, and ferrites have the ability to produce interference at this 
point. There are two things that could be done to reduce this 
inductance value: change the characteristic impedance of the filter 
and/or change the cut-off frequency. The cutoff frequency was not 
changed since a lower frequency would bring a pole nearer to the IF 
passband, and a higher frequency would reduce the attenuation of high 
frequencies. The output of the preamplifier varied so greatly that any 
filter impedance would be wrong. The IF amplifier input was better 
behaved, staying near 272. This suggested that a lower filter 


impedance might be suitable. 


It was found that no input shunt element was required other than 
the impedance of the two high frequency filters, if the filter 
impedance was changed to 302. Then the calculated value for the 
capacitors was 133 pF, which is -j402 at 30 MHz and is the same 
impedance as presented by the off-resonance high frequency filters. 

The inductance required had a reasonable value - 0.24 uH - and could be 
constructed with an air core. At 200 MHz, this filter looks like a 


series L-C circuit and has an impedance of about +j300%. Thus it has 


little effect upon high frequency operation. 
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To improve the rejection of the high frequencies, a second low- 
pass stage was added. This one was also a Butterworth design with a 
cutoff frequency of 40 MHz, but with an impedance of 352. To minimize 
coupling, the two stages were shielded from each other, although the 


parallel capacitors were combined into one unit. 


The performance of this device was satisfactory since it does not 
produce 30 MHz interference. It is superior to the three-way splitter 
in another way: the transmission losses are much lower and are 
primarily due to the filters themselves. The network's transmission 


loss and return loss are plotted in Figure 3.17. 


_Coaxial Bine 


Three semi-rigid coaxial transmission lines run from the Synthesis 
Telescope Building to each of the antennas. Two cables are dedicated 
to the 1420 MHz receiving system and the third was originally a spare, 
but is now used by the 408 MHz receiver. The cable is an integral part 
of the system, and its characteristics were important in the design of 


the receiver. 


First, the physical characteristics of the cable will be 
mentioned. The cable consists of 370 metres of Heliax semi-rigid 
coaxial line with a 24 metre length of RG-214 flexible coaxial cable 


running from the tower base to the focus box. RG-214 has two braided 
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copper shields (nominally 0.8 cm dia.) so that the cable is very 
flexible. The dielectric between the shield and center conductor is 
solid polyethylene. The Heliax is type FHJ4 with a diameter of 1.3 cm. 
The shield is solid copper with helical corrugations that give the 
cable limited flexibility. The dielectric material between the inner 


and outer conductors is polyethylene foam. 


The characteristic impedance is 508% for both types of cable. 
Because of the large cross-section and composition of the Heliax cable, 
it is a low-loss cable. Typical values of attenuation are: 

1.4 dB/100 m at 30 MHz; 4 dB/100 m at 200 MHz; and 6 dB/100 m at 
400 MHz. The cable velocity factor is 0.78. The RG-214 has more loss: 
10 dB/100 m at 200 MHz; 15 dB/100 m at 400 MHz. This cable has a 


velocity factor of about 0.7. 


The line capacitance is important because it affects the phase- 


locked loop performance. It was measured to be 33 nF. 


The round trip time delay due to the cable was also required for 
the phase locked loop design. This number was obtained by taking the 
line length measured in wavelengths, and dividing it by the frequency 


to give the time delay, which was found to be 3.2 microseconds. 


The phase temperature coefficient is also important, since it 


specifies how much the line length (and phase) will change due to 
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temperature variation of the cable. The copper in the cable expands 
with temperature. However, this is counteracted by a decrease in 
dielectric constant with temperature of the polyethylene dielectric. 
The net result is that the length of the cable appears to shorten with 
temperature. The cable manufacturer specifies a phase temperature 
coefficient (D) of -36 to -72 ppm/°C for Heliax. The coefficient for 


RG-214 is on the order of -100 ppm/°C. 


The change of phase can be calculated as follows: 


360} deg |F | MHz |L|m|ATj °C |Dj ppm/°C 
3x108| m/s | 


Phase Locked Loop design 


The phase locked loop (PLL) has been analyzed with the guidance of 
Gardner (1979), Landecker and Vaneldik (1982) and Carpenter (1973) as 
well as with the aid of a pocket computer (HP-41CV). The parts of the 
LO within the loop are along the path from the PFD to the VCO and back 
to the PFD and are shown in Figure 3.18. A number of methods exist for 
Stability analysis of control systems. The root locus method was 
chosen because it is more reliable than other methods (such as open 
loop frequency response) since the root locations are directly related 
to the transient response. Programs were written that calculated the 
root loci, closed-loop transfer function, and the loop response to 


undesirable signals on the VCO control voltage. The development of 
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these programs will be outlined below. As is often the case in control 
System analysis, the system to be modelled will be treated as an 
essentially linear system in order to greatly simplify the 


computations. 


For control systems such as the one shown in Figure 3.18, the 


closed-loop transfer function in the complex frequency domain is 


¥o(s) - KG(s) 
®i(s)  14KG(s) 
(s) 


where G(s) is the open-loop transfer function and K is the loop gain. 
The denominator is called the characteristic equation and its roots 
(called poles) are a function of K. A stable system is one whose 
Output (in the time domain) remains bounded at all times for a 
transient input. A fundamental rule of control theory is that a 
closed-loop pole located on or to the right of the imaginary axis of 
the complex frequency or s-plane makes the system unstable. More 
generally, the further to the left of the imaginary axis the pole is 
located, the faster the response decays exponentially, and the further 
to the right, the faster the growth. The sinusoidal oscillations that 
are modulated by this exponential term have a frequency of oscillation 
proportional to the distance from the pole to the real axis. The 
details of the transient response can be determined by multiplying the 


transfer function by the Laplace transform of the transient, and then 


performing an inverse transform (Ogata 1970). 
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The root locus method involves plotting the roots of the 
characteristic equation on the s-plane as the gain is varied from zero 
to infinity. Traditionally graphical construction techniques have been 
used, but here a computer was used to solve rapidly for the roots while 
using a more accurate expression to describe the transmission line 
delay and the op-amp non-ideal gain characteristics. To calculate the 
roots, 1/G(s) was evaluated and the imaginary part of s was adjusted 
until the phase was 180°. A value of s for which this is satisfied is 
a root location and the magnitude of 1/G(s) for that same value of s 


equals the gain, K. 


Figure 3.18 was used to derive G(s). This diagram does not show 

. the frequency conversion since this involves the addition of a constant 
phase which was moved outside of the loop and simply added to the 
reference phase. The single transmission line has been separated into 
two signal paths. The line capacitance and time delay were considered 
as lumped elements. The delay for each direction is shown separately, 
but were combined in the computation. Filters have frequency dependent 
phase characteristics which were considered as additional delays. 
Resistors R3 and R4 are components of the RF/DC combining networks. 
Using this model the behaviour of the loop was predicted and optimum 


loop variables were selected. 


The total time delay up and back down the transmission line is 


3.2 ps. The Laplace transform of a transport delay is e7S! 
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(Ogata 1970). This transcendental function makes the use of 
traditional control system analysis techniques, such as root locus, 
difficult and most people (Carpenter 1973, Hertz et al 1984) have 
instead used the truncated series expansion: 

e7ST = 1 - sT, 
This expression is valid only if the product sT is much less than one, 
which is the case if the magnitudes of the loop poles and zeros are 
each much smaller than 1/T. This condition was not satisfied with the 
408 MHz LO, so the exact expression was used. Since the calculations 
were done with a computer, this presented no difficulties. The effect 
of this delay on the root locus was to bend the branches towards the 
right side of the s-plane as though there were a large number of zeros 
_ at positive infinity. This effect degrades the system stability since 
root loci which do not cross the jw-axis with no delay may be made to 


cross, and loci that normally cross may cross at a lower gain. 


The bandpass filters were ignored in this analysis because their 
delay was small compared with that of the transmission line delay. 
Carpenter shows that the delay of a filter can be approximated by the 
Slope of its phase transfer function. From measurements of a 174 MHz 


bandpass filter this was calculated as follows: 
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The coaxial cable degraded loop stability in another way. It has 
a large value of capacitance which forms a low-pass filter with R3. 
If R3 is small, the filter pole is far from the origin of the s-plane 
and would have little effect. However it is desirable to make R3 
large to isolate the RF and DC paths and this moves the pole inwards. 
This additional pole reduces the maximum stable loop gain. Another 
low-pass filter is formed through Rq and the feedthrough capacitor, 
Cf. The output impedance of the loop filter is low (because of the 
emitter follower transistor) so the pole formed was distant from the 
origin and was ignored. The transfer function of R3, Ra, Cg, and 


Cr is: 


OVS )}) 1 


i(s) S?R4R AC AC + S(RC RC +R AC) +a 11 

The loop filter gain and band shape determine the static and 
dynamic error response of the loop. The DC gain should be made as 
large as possible so that the phase error is small. At a glance, it 
can be seen that this condition is satisfied by the filter 
configuration used since Co effectively removes Ro. The bandwidth 
of the filter should be large so that lock time is small and so that 
noise induced sidebands on the VCO output are suppressed. As well, the 
filter phase should be such that the open loop phase is not an odd 


multiple of ™ which would result in positive feedback and 


oscillations. 
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This type of loop filter is often used in PLLs. The inclusion of 
C1 is not so common (Landecker and Vaneldik 1982). Its purpose was 
to add another zero to the circuit and pull back the root locus 
branches that are drawn to the right side by the delay. This capacitor 


Short circuits Rj at higher frequencies, widening the loop 


bandwidth. 


If the loop filter's operational amplifier is assumed to have 
infinite gain at all frequencies, then the voltage transfer function is 


the feedback impedance divided by the impedance of the input elements: 


V 
o(s) _ Rotl/sC oy. Soe yeas 
: 1 ) sR,C 
Vi(s) TR EC, 1”2 


This assumption works for most cases but fails when more gain is 
demanded than the op-amp can supply. This happens at very low 
frequencies where the ideal gain approaches infinity and the op-amp has 
a flat, finite gain. At the gain crossover point a pole will appear. 
Actually this is the pole at the origin from the ideal case (the l/s 
term) which has now moved to the left along the real axis. Thus the 
loop filter is not an ideal integrator. Rather, it exhibits 
limitations resulting from the finite gain of the amplifier. Since the 
op-amp gain drops at 20 dB/decade with frequency, another gain 


crossover may occur at a higher frequency to create another pole. 


The op-amp manufacturer claims the typical gain is flat at 115 dB 


to 1 Hz, where it begins to drop at a rate of 20 dB/decade. Thus the 
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gain can be modeled as: 


Millman and Halkias (1972) give the following expression for negative 


feedback amplifiers with finite gain elements: 


Wie) Z,(s) 1+#(1+Z,(s)/Z,(s)/A(s) 


In this equation Z)(s) is the impedance of the elements in series 
with the input and Zo(s) is the impedance of the feedback elements. 
if |A(s)| is large enough, this equation tends towards the previous 


equation for voltage gain. 


These more exact expressions were used in the calculations because 
large bandwidth and large gain were expected and it seemed likely that 


the loop filter frequency response might be limited by the op-amp. 
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Given the above, the open loop frequency response of the PLL can 


be shown to be: 


KK (sR,C,+1)(sR5C,41)e75! 
G(s) = d‘v Pa uc a 


a a 


S?R iC 9(1+( (s/w +1)/Ag)(1+(sR jC, #1) (sRoC,+1)/sR,C,)) 


] 


rn 


2 
S RaRAC Cets(RaC 4R3C -4R AC.) +1 
Another program was written to calculate the response of the PLL 
to an unwanted signal injected onto the control voltage. The transfer 
function was calculated by rearranging the loop so that the point 
preceding Rq was the input and the VCO output was the loop output. 


That expression is: 


¥o(s) = BT 
N(s) s (sR AC -+1) (1+KG(s)) 


This was a more useful function to calculate than the closed-loop 
frequency response of the PLL since suppression of VCO phase noise was 
an important concern. Also, to verify the model it was easier to 
measure the noise response than the closed-loop response because the 
former required a variable frequency oscillator while the latter would 


require an oscillator with provision for phase modulation. 


If w is small (wRC<<1), o(s)/N(s) reduces to jwR,C2/Kq with 
a slope of +20 dB/decade; if w is large (wRC%1) then 
¢(s)/N(s)~Ky/(jw) with a slope of -20 dB/decade. These simplified 
equations show that to minimize ¢(s)/N(s) the gain of the loop filter 


should be maximized while the VCO gain is made as small as possible. 
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In practice the VCO gain was reduced by a factor of three by changing 


‘the tuning range of the VCO from 12 MHz to 4 MHz. 


The first set of component values for the PLL was obtained without 
the benefit of a computer model. Design equations from Gardner were 
used. At first Cj was not part of the circuit. The noise bandwidth 
was set at 10 kHz since this value would encompass the noise sidebands 
of the VCO and yet was not too wide for the op-amp. After some 


adjustment of component values, this prototype was made to work. 


The computer software was later developed as an aid in component 
value optimization. In this process the noise response was minimized 
while the transient response was improved by changing the loop filter 
- components and R3z and Rq. The programs allowed many component 
combinations to be simulated easily and rapidly. The final component 
values after several iterations are shown in the PLL circuit diagram 
(Fig. 3.8). The calculated root locus is shown in Figure 3.19 along 
with loci for the PLL without delay. The root locus in Figure 3.19b is 
for the PLL with only one zero. The calculated noise response along 


with the measured noise response is plotted in Figure 3.20. 


Figure 3.19 clearly shows the effects of various components upon 
the roots of the PLL. The transmission line delay bends the long 
branches towards the right where they cross the jw-axis. The delay has 


a relatively minor effect upon the locus extending from poles at the 
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origin to the zeros near -50x103. This region is essentially unchanged 
even if the poles near -135x10°% and -445x103 are removed. The 
importance of the two zeros is demonstrated in the lower plot, where 
one of the zeros is eliminated. Here the branches from the two poles 
hug the jw-axis and then cross at a relatively low loop gain. This 
case would have an unsatisfactory transient response because the root 
locations are so close to the imaginary axis which results in a smal] 
damping ratio. Situations like this were found to be marginally 
stable: the loop could be locked and stable until a transient caused 


it to become unstable and oscillatory. 


The theoretical noise response for two values of loop gain are 

- Shown together with the measured noise response in Fig. 3.20. Two 
different values of loop gain were used because of the uncertainty of 
the actual value of the phase detector gain. The two curves are based 
upon estimates of the incremental gain about the operating point. As 
the gain is increased, the curves are reduced in amplitude by the same 
factor, and the peak is shifted to a higher frequency. The slopes of 
the curves are correct: below the peak it is a function of frequency 


and above the peak it is a function of the reciprocal of frequency. 


The noise response was measured in the following manner: a 
variable frequency oscillator was connected via a decoupling resistor 
to the coaxial line and the phase modulation was observed by comparing 


the two inputs to the phase detector with an oscilloscope. The step at 
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Figure 3.19 Root Locus Plots 
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1 kHz occurred because the level of oscillator had to be reduced to 


maintain linearity in the PLL and the phase measuring device. 


Discrepancies between theory and practice can be explained several 
ways. Errors in the theoretical model, such as phase detector transfer 
function nonlinearities or errors in pole or zero locations, might be 
large enough to account for the differences. However, the striking 
Similarities support the argument that the model is correct except for 


the small] details. 


The phase measuring technique will now be described briefly. 
Consider two sinusoids of equal amplitude and frequency (w), but with a 
small phase difference 9(t). Subtracting these two waveforms results 
in a sinusoid of the same frequency with an amplitude envelope defined 


by o(t). This is shown as follows: 


sin(wt )-sin(wt+¢(t)) 


=-2cos(wtt+so(t)) sin(4¢(t)) 


For small phase errors, this envelope can be approximated with 49 (t) 
and the change in amplitude approaches 34>(t). Thus phase modulation 
of a signal can be measured using an oscilloscope. If the input gains 
are adjusted so that each input signal has an amplitude Ofeosunics wecne 
screen will then read 10 degrees change in phase per unit of change in 


amplitude. 
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For completeness, the closed-loop frequency response has been 
plotted in Figure 3.21. This plot is not as useful as earlier plots 
mainly because it could not be measured with the equipment at hand, and 
Since it is not an accurate portrayal of the expected function of the 
PLL. That is to say, the loop encounters phase steps rather than 
Sinusoidal variations in phase, so the transient analysis (root locus) 
is more appropriate. There are several important results from this 
graph though: the output phase is shown to track the input phase at 
lower frequencies; and resonant peaks are not excessively large 


Suggesting that the transient response will be well behaved. 


From the PLL transient response, dominant root locations can be 
calculated. The impulse response of a complex conjugate pole pair is 
of the form 

et sin(wtto) 
where otjw=s and ¢ is a constant. The transient response was measured 
by applying a phase step and observing the transient on the VCO control 
voltage. The waveform at this point is the derivative of the output 
phase so they differ only in magnitude and phase. Although the root 
locus consists of 4 roots, one pair was dominant and the transient 
waveform was an exponentially decaying sinusoid. The length of the 
transient and the length of one period was measured and one pole pair 


was calculated to be at 


5=-40x103(+3x103)+j370x103 (+70x10%). 
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The effect of the other pole was so small that accurate measurements 
could not be made. These points are in reasonable agreement with the 


theoretical predictions and help to support the validity of the model. 


Filter Specification 


Narrow-band lumped element filters are used to provide isolation 
in the various parts of the system that share a common signal path. 
Because of the relationship between the frequencies used, inadequate 
isolation can introduce phase errors. The isolation is a function both 
of the signal levels and of the filter skirts. Another important 
consideration is the pass band width, which must be wide enough to 

“allow for changes of the LO frequency. The filters were specified 


using these considerations and were custom manufactured. 


The front end filter is centred on 408 MHz and has a 10 MHz half 
power bandwidth. Although the observing bandwidth is only 4 MHz, this 
wider window was selected so the receiver could be retuned to avoid 


man-made interference. 


The front end filter specifies the part of the spectrum that can 
be observed, which in turn specifies the LO tuning range and the LO 
filter widths. The receiver centre frequency can be varied 6 MHz and 
Still keep the 4 MHz IF window within the 10 MHz front end filter band. 


Since deviation in the LO frequency is shared equally between the 174 
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MHz subsystem and the 204 MHz subsystem, each of these signals must be 
variable over 3 MHz. The bandwidths are actually enlarged so that an 
alternate LO frequency scheme could be used if the self-interference 
was found to be too large. If 20 MHz were used for the offset 
frequency instead of 15 MHz, then the interference would be at 40 MHz, 
outside the IF band. The increased phase uncertainty can be determined 
from Fig. 3.5 to be only 1/3 as bad as in receiver systems that do not 
correct the IF phase. Thus the filters had to accommodate 169+1.5 MHz 
and 209+1.5 MHz as well as 174+1.5 MHz and 204+1.5 MHz. In order to 
keep signal levels constant, it was decided to enclose these 
frequencies within the 4 dB bandwidth of the filters. Using the 
manufacturers tables, it was determined that this corresponds to 3 dB 
bandwidths of 12 MHz centred on 171.5 MHz and 206.5 MHz. Although the 
second frequency option has not been used, the wider bandwidths are 
desirable because the rate of change of phase with frequency is reduced 


and thus the filters should have smaller relative phase differences. 


The place where any lack of isolation can produce a phase error is 
in the mixer that downconverts 174 MHz to 15 MHz for the phase 
detector. 204 MHz can also mix with 189 MHz to produce this same 
difference. The coupling path that is of most concern is via a 
reflection part way down the transmission line that sends a 204 MHz 
Signal back to the local end, through the 174 MHz filter skirts, and 


into the mixer. The phase of this signal will be a function of line 


length. Coupling paths that do not include the transmission line 
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introduce constant phase errors, and although they should be minimized, 


they are of secondary concern. 


The total one-way line loss at 200 MHz is 20 dB. A reflection 
from the far end of the line will have the greatest length-dependent 
phase, but will be attenuated almost 40 dB since the signal traverses 
the length of the line twice. Nearby reflections have a greater 
amplitude, but the phase uncertainty is less. As well, unless there is 
a bad fault in the cable, only a small fraction of the signal is 
reflected back. A mediocre connector might have a voltage standing 
wave ratio (VSWR) of 1.2 which means the voltage reflection coefficient 
is 0.1 and the return loss is 20 dB. A good connector may have a VSWR 


of 1.02 or a reflection coefficient of 0.01 and a return loss of 40 dB. 


The levels of the signals involved were estimated from the system 
plan (Fig. 3.6). The output power levels of the 174 MHz sources and 
the 204 MHz source will be similar because they both drive mixers at 


the other end of the transmission line. 


With this information the filter skirts can be specified. Suppose 
reflections have a return loss of 20 dB, which is probably the worst 
case. If such a reflection occurs near the 204 MHz oscillator so that 
it is virtually unattenuated by the line loss, the reflection will be 
reduced 20 dB when it reaches the mixer input. The 174 MHz signal is 


produced with nearly the same strength and is attenuated 20 dB by the 
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coaxial line loss and therefore is at a similar amplitude as the 
undesired 204 MHz signal at the local end. For a 0.2° error, the 
undesired signal should be attenuated by 50 dB. From the filter 
manufacturer's design charts a 4 section band-pass filter was selected 


that provides better than 50 dB isolation. 


Another filter is required on the output of the LO. This filter 
prevents the second harmonics of 174 and 204 MHz from getting into the 
receiver mixer where they would mix with 378 MHz to produce 30 MHz. A 
5 pole design with a 12 MHz 3 dB bandwidth was chosen. This design 


attenuates the unwanted signals by more than 70 dB. 


A number of simple low-pass and high-pass filters were 
constructed. The 15 MHz output of the mixer preceding the phase 
detector is filtered with a 3 element Butterworth low-pass filter which 
has a 20 MHz corner frequency. The output of the loop filter is fed 
through a 1 MHz low-pass filter to remove any residual 15 MHz signals. 
At the remote unit, the 378 MHz amplifier has a 3 element high-pass 
filter on its input and on its output to reject the difference product 


(30 MHz) of the mixer before it. 


Packaging of the System 


A number of factors were taken into account when determining the 


physical structure and layout of the various subsystems. These were: 
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effective electromagnetic shielding; air cooling of heat generating 
components; ease of construction and servicing; interchangeability; and 
compactness to fit within the available space. The total system was 
broken up into a number of subsystems. Some, such as the 189 MHz and 
15 MHz synthesizers, are common to all receivers. Other subsystems, 
such as the phase shifter, 204 MHz sources, and 189 MHz power splitter 
and amplifiers, were grouped according to function. The phase 
detector/loop filter, IF amplifier and signal combining networks, and 
the remote end of the LO each have a chassis for each receiver. The 
cable used between and within the subsystems was either double shielded 
RG-223 or solid shielded 0.141" diameter semi-rigid cable. BNC 
connectors were used for DC or IF signals, N connectors were used for 
“high frequencies, and small SMA connectors were used where size was 


important. 


The remote end LO chassis presented the greatest challenge. A 
large number of components had to be connected together within a space 
that would fit inside the focus box along with the 1420 MHz receiver 
and the components had to be arranged so that they could be installed 
or removed easily. The components were mounted within one and one half 
cast aluminum boxes with a total external dimension of 18.5x18.5x9.5 
cm. Ventilation is provided through a sheet of perforated metal that 
is part of the lid. The extra layer of shielding provided by the 
chassis heavily attenuates spurious signals that might cause 


interference with either the 408 MHz receiver or the 1420 MHz receiver. 
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A local oscillator chassis is shown in Plates 3.1 and 3.2. 


The other chassis were made with sheet aluminum boxes. All the 


chassis for the local end fit in one standard equipment rack. 


6. System Tests 


Before the receiver was used for astronomical observations, a 
number of tests were performed to determine the total system 
sensitivity and stability. These will be described here. Further 
measurements involving interferometric observations will be discussed 


in the next chapter. 


The system temperature of each of the receivers on the dishes was 
measured. Here, system temperature refers to the noise added to the 
system due to spillover, losses, and noise generated within amplifiers 
and mixers. By this definition it does not include the galactic 
background. These measurements were made by connecting a total power 
detector to the receiver output and measuring the power from a region 
of the sky with a known brightness temperature. The difference between 
the source temperature and the measured temperature is the system 
temperature. The temperature scale was calibrated by observing two 
sources with known, but different brightness temperatures. The sky 
temperatures were obtained from Pauliny-Toth and Shakeshaft (1962). 


The zero level was established by turning off the IF amplifier. (It 
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Plates 3.1 and 3.2 


The first plate shows an exterior view of a local oscillator 
chassis. This box contains all the remote end electronics except for 
the receiver mixer, low noise amplifier, and power supplies. The 
physical structure was constrained by the space available amongst the 
1420 MHz electronics in the focus box, and by the requirement to have 
connectors easily accessible. The chassis is constructed with a 
18.5x18.5x6.4cm cast aluminum box attached to a similar box 3.2cm high. 
A perforated metal sheet is attached to the lid to provide ventilation. 
The connectors are for the IF input (BNC), the LO output (SMA), the 


cable to Synthesis Telescope building (N), and power (Bendix). 


The inside of the top part of the chassis is shown in the second 
plate. Since better ventilation is provided to this part of the 
chassis, all heat sources are located here. SMA connectors and semi- 
rigid coaxial cable is used throughout for compactness. The major 
challenge in the design of the layout of the chassis was to locate the 
components so that they could be easily connected or disconnected and 
removed from the chassis. The VCO, two power amplifiers (174 MHz and 
378 MHz), and the 378 MHz filter are located in the top of the chassis, 
and the other filters, IF preamplifier, mixer, and directional coupler 


are in the bottom part. 
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can be shown that this is equivalent to placing a load at zero Kelvin 
at the input of an ideal noiseless receiver.) This was done for each 


dish with the following results: 


Far West 96+10K 
West 105+ 10K 
East 131+10K 
Far East 85+10K 
Average 104+20K 


This agrees with other measurements. In Chapter 2 a spillover 
measurement was described where the zenith temperature less the 
galactic background was 64K. Using a GaAs FET LNA for the antenna 
combining network load has reduced this to about 55K. Typical front 
end noise figures were about 50+10K giving a total very similar to the 


measured values. 


The amplitude stability of a receiver was measured using 
astronomical sources. The antenna was pointed at sources with two 
different brightness temperatures with the AGC on and with the AGC off. 
Although the source temperature had changed, from the AGC circuit's 
point of view, it was equally likely that the source temperature had 
remained constant, and the gain in a preceding stage had changed. The 
AGC circuit adjusted the IF amplifier gain to counter this change. 


This experiment tested the accuracy of this adjustment. 
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The two sources used gave antenna temperatures of 30K and 120K and 
the system temperature was 85K. Going from the cooler to the hotter 


produced the same effect as increasing the system gain by a factor of 


85+120 
85+ 30 


With the AGC turned on, the change in antenna temperature was reduced 


Ble 


to 0.7K. Thus the equivalent increase in gain was: 


85+30+0.7 
B5730 


Thus the AGC suppressed the change in gain by: 


= 1.006 


} UIST ed 


1./8-1 


This number should be viewed as an upper limit since the measured 
change was near the measurement accuracy of the equipment used. This 


is less than the 1% amplitude stability specified earlier. 


An important system test was the measurement of spurious signals 
and noise on the LO signal generated. These were measured two ways: 
in the time domain and in the frequency domain. The former involved 
measuring the instantaneous phase error with the oscilloscope method 
described in the section on PLL design, and the latter used a spectrum 


analyzer to examine the noise sidebands. 


Power cables induce small voltages composed of odd harmonics of 60 
Hz onto the centre conductor of the coaxial transmission line. These 
signals modulate the VCO. The PLL tends to oppose these induced 
Signals, but since the loop gain is finite, the cancellation is not 


exact. 


sa 
oat 
- : 
2 icp 
fag WEL bas WE To serotereanet aces = 
sat oni? of Naleos' ait owt ae 8 sa ruseo nos a ae 
“orae} & YA nhes ‘iehea: ott ynbewenant * anette seo borg 
a 
he 
_ +a 
7 gil 8 all @ ty” 
besuber cae siidereqnio? Ai@eAhy or ag iit 8 a benws papi: 4 
r. 
2 tw ajea nt sensaait “grok svtups oid asst, 0 
| ar 
| uns ty ers 
. c 
‘ya atGa nt apnens, afd. bepestaque 304. and at 
600.0 = 1-900. 
[80.1 
seriegan alt soafe 2iakl taqau. ro <6 sawpty of bluote onan 
afiT seu nena * + Xo. vse TUT DE , Pie" uiegom sits — 2h “apne 2 


vehi se ober? Tyme 20 ef nant ae 


' 
784 46e eatiioeds: 
7 


24 Mars 2G e\2 ¢ ge yi oar ola deh *ea3 eseye “anedveqmt a 


ia 


ried heeif | rea oe tag OL ‘ee o shod oi 
wit 7 } 


ods potwwess aml 
i potthnge9b 


3S" fen 5 


Leysie a wanweber | 
ee a aps? “ nt one , he 
r eqnozoht toe? eat iw ‘Apa Pre ; 2 suosnnananiel 


baytovdd wero? att 


uF 14 
mutoece w bleu Aaaoey gad ne gtes® J97 “i soae bald 
, dieaalet sates 9 At soe exe 03 


, 1 
a 


ae as a, are 
03-40 sateen ten 8 eel 2 vee hier? 


a api wet ‘6 vad 1 to Aor autO 

7 a 4 tit = “a a > 4 j > Rete : 
ii edt 

- beccolunnies: ad» ot ih od? 10 


<a tole 
) Wis tana F oti anil eb vitae shot 
er 7 
4 ‘a 
a 


107 


This phase noise was measured and the maximum error was found to 
be 143° peak to peak. It is important to note that this peak phase 
error occurred for only a small portion of one 60 Hz period, and that 
the average phase noise was much less. This is completely adequate for 
a radio astronomy receiver since a 1° error results in the correlation 


being reduced 0.02%. 


Another way to look at the phase modulation was to examine the 
Sidebands with a spectrum analyzer. This was done, and the spectra are 
shown in Figure 3.22. The peak sidebands were -55 dB with respect to 
the carrier (dBc). The typical sideband levels were -63 dBc. 
Examination with narrow sweep widths showed that this noise floor was 
made up of the odd harmonics of 60 Hz. The close-in noise sidebands of 
the reference signal began at -/70 dBc, so the noise performance 


obtained is approaching the best possible. 


Phase fluctuations like these are unimportant because their period 
is much shorter than the integration period (90 seconds) and they are 


less than 1° peak so that loss in amplitude is small. 


Phase fluctuations that are significant are those with periods 
longer than the integration period for they reduce the dynamic range of 
the map. Laboratory measurements of the long term stability will be 


given here, and astronomical measurements will be described in the next 


chapter. 


7 = 
na 
’ 
a a 7 : os = 
od bound Pow TOyyS: Mmraem sit Yan bewtaum ZoW seton seer 21) 
oo - 
etary Aeog Zits tant yfon od tnettoqar ef 31 Poe or $689 7 ao ke ad 


deat bas ,botieq SH 08 ano 16 nor I 90K (ieee = yfno ay nw920° te 


so) simipsds yfetaignen 27 aye ae aoe un neu ‘Selon aca ageveve oil? _ 


2 Ot see 


pr 
2h & canta ceviesst onan 328 ofbsr ¢ 
~€80.0 baavber ‘gta 


- 

eorgeievIed shy MM eituess) OS 
_ 
a 
oot fa 


_ add sxtadxs of 2ew sobgetepos onesie ait Se wool OF Yaw seftonA 


a 


Tos} eie mur toege 6 Ajiw sonedable 7 
wheat! 
5S. ee Le ap Ree EY) 


“ ‘ : = ry os he rv 
} ss5aze Citw a= Sey PHA GASD he 1694 tt 


4 2hovel Sneiebta teolays sat . (98%) sera 
at 
[> sat gm ett | sas bere ent ste anaes watts, not notisntmexd 


oan 
tend ai§eots oft . sh 0 Yo eatmonis bine wa Yo q _ a 


to enwediable s27o P 


2 pe i» i- go pad renee soneretey ~ . 


ner 5. f 


mAETIO4 19qj 


oldbeedy “20a! ot? Be taokenags al ben had 
in 


ee 


hoiteg Wald sepeseds 2QS29QM MW 918 ies aed oe tec 
78 yard bab (2hnogee at) butay ophtespoen sna ial af oun, 3 , 2 
Piste ef sutifigns at gaol 2 ge) deag 7 ott 2 zo! 

: ae. = 


200 (184) igiw oeoR5- ob arenes “a —_ notte aiid Te Pr J 


Te sonny sieht esubey: att 9 i) = sda a rr sit 


“ tw a eit an: + ome 
ent sacs 


Spectrum Analyzer 
bandwidth = (Co Hs 


- Spee’ 
s band width, = 100 Ha 

“20 

She Near carrier, Composed of 
60 Ha + harmonicS Odd harmonics 
-69 dABe | ef 60 hn 

"40 

(48) 


2 rmaernig ieee GE) o.U| 2 3 4 & (kis) 


Figure 3.22 Local Oscillator Spectrum 


159 


The experimental apparatus consisted of a 408 MHz oscillator 
providing equal signals to two receivers on the bench, and a phase 
meter connected to the IF outputs of the receivers to measure the 
differential phase. One receiver had a short (~5m) cable joining the 
remote LO unit to the central unit. This provided the reference phase. 
The other receiver was connected to a roll of Heliax cable (~370m) 
Outside the building. The Heliax was cut into two equal lengths and 
had a line stretcher joining the break. The line stretcher could be 
varied 0.5m (free space length) at a constant velocity by a motor. The 
Change in phase due to line length variations was measured by comparing 
the receiver output phases. The long-term stability of the electronics 
was also measured by leaving the line length constant and recording the 


phase difference on a chart recorder overnight. 


It was desirable to vary the line length by one wavelength at the 
lowest LO frequency. In this way errors due to reflections would stand 
out clearly since the interfering signal would rotate 4m with respect 
to the desired signal. But the line stretcher did not have a large 
enough range of variation, so to extend the range discrete lengths of 


cable were added. 


The line length was varied 2 metres (free space) in 0.5 metre 
steps and the phase variations are shown in Figure 3.23. The length of 
each curve corresponds to a variation of 0.5 metre. The phase change 


ranged from 0.6° to 2° with the average being 1.2°. It is unlikely 
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that the line length will change by this amount, so a more realistic 
measure of the phase stability would be the steepest Slope on the 
curves, which would give the greatest change in phase per change in 
length. This was also calculated for a system that does not correct 
the IF phase but has a stable LO phase, and for a system that does not 


Stabilize the LO phase. These values are: 


measured: : 5° /m 
uncontrolled IF: 230m 
uncontrolled LO: > 454°/m 


(neglecting IF phase) 


Thus it can be seen that the worst case phase stability of the 408 MHz 
system is 7 times better than a system that only stabilizes the LO 


phase, and 90 times better than a system that has no phase correction. 


It was hoped that the phase versus length plots with the 
incremental lengths of line added could be connected together. This 
was only a partial success. After applying phase offsets, three of the 
curves could be joined together. It is very likely that these phase 
offsets are due to the insertion and removal of different pieces of 
cable. The reflection coefficients of the different connectors might 
have been different, changing the amplitude and phase of the undesired 
Signal. But the most significant source of error is probably dual 


reflections or "zig-zag" paths. With a short piece of 
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cable inserted, the line attenuation between reflections is negligible 
So that the error component has a larger amplitude than it would if the 
reflections were separated by a greater length of cable (Thompson 
1981). Thus, in a test like this, the system will be more prone to 


phase errors due to reflections. 


The above can also be used in an argument that the phase errors 
measured in the test were larger than those which could occur in 
practice. There are two significant differences between the cable used 
in the telescope and the cables used in this experiment. First, the 
length changes are not as localized, they are distributed over a larger 
length of cable. Second, large lengths of cable are between connectors 
so that double reflections are attenuated. Thus the magnitude of the 
reflected signal was larger in the experiment and the phase errors can 


be expected to be lower in practice. 


The long-term stability of the receiver system was also measured. 
The measurement setup was similar to that in the previous experiment, 
except that the line stretcher was removed, and the phase was measured 
with the Digital Signal Processor and plotted on a chart recorder. 
This experiment was left running overnight for a period of about 18 


hours. The roll of Heliax cable was subject to a temperature variation 


of about 10°C. 
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The beginning, middle, and end of the chart record are shown in 
Figure 3.24. Short term cyclical variations which were 3° peak to peak 
are probably due to the cycling of the building's heater. The ambient 
temperature in the building can vary 3°C and this will affect the 


filters. No long term cycles or drifts were visible. 


Another test was the resetting accuracy of the PLL. The phase of 
one receiver was changed with the phase shifter, and then it was reset. 
The PLL returned to its original phase. Any errors were beyond the 


measuring accuracy of the equipment used. 


One problem that has had a significant impact upon the design of 
this system has been the spurious 30 MHz signal. Since all the signals 
used by the LO are coherent between receivers, the 30 MHz signals from 
each receiver are also coherent and hence will correlate. Also, 
because this signal is monochromatic, the delay compensation will not 
result in decorrelation. The steps taken to reduce this interference 
include: redesign of RF/DC combining network; redesign of RF combining 
network; inclusion of low pass filters on the inputs of the 378 MHz 
power amplifier; respecification of the 378 MHz filter to increase 
Suppression of spurious signals at 348 MHz and 408 MHz; careful 
filtering of the output of the IF preamplifier and input of the IF 
amplifier to prevent mixing there; and very careful shielding of all 


subsystems. 
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Although the level of this signal has been reduced by at least 60 
dB, it was still visible with a spectrum analyzer attached to the IF 
Output. With the present component configuration the level is 10 dB 
above the noise with the spectrum analyzer bandwidth equal to 100 Hz. 


This is about 30 dB above the minimum level detectable by the Synthesis 


Telescope. 


The minimum detectable interference level can be determined as 
follows: the sensitivity of the telescope is about 3 mJy/beam. The 
gain of an antenna is 1K/70 Jy, so a source of that intensity would 
increase the antenna temperature by 3x10-3/70 or 43 uk. The system 
temperature is about 105K, so the power of this interfering signal is 
43x10-©/110 or .4x10-© the total power received. The IF power can be 
obtained by multiplying the height of the spectrum analyzer display by 
the receiver IF bandwidth (4 MHz). The power in the interfering signal 
(which is monochromatic) can be determined by the product of the 
Spectrum analyzer bandwidth (100 Hz) and the height of the signal. 
From this the ratio of the interference strength to the IF noise level 
can be determined and it is (.4x10-©)(4x10°)/100=.016 or -18 dB. It 
should be noted that this is for the special case where the phase of 
the interference is such that it appears at a single point in the map, 
otherwise it will be smeared across the map and the interference wil] 


have to be much stronger to be noticeable. 
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Attempts to further reduce the interference were not successful. 
Signals with such a small amplitude are very difficult to trace. The 
effects of this interference will be shown in the next chapter which 
describes aperture synthesis observations with the telescope. For 
strong sources, the instrument sensitivity is dynamic range limited, so 
the noise due to sidelobes of the synthesized beam is larger than the 
interference. For weak sources, the interference may be greater than 


the map noise level. 


One other very significant system test was an evaluation of the 
system reliability. The receiving system developed has been in almost 
continuous operation for four months on four antennas with no failures. 
The VCO control voltage operating points have remained the same over 
this length of time. The system has survived power failures and the 
occasional disconnection of the coaxial transmission lines. It returns 
to normal operation immediately after power is supplied or the cable is 


reconnected. 
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CHAPTER 4: ASTRONOMICAL OBSERVATIONS 


Ae Introduction 


The 408 MHz Synthesis Telescope was tested with observations of a 
number of astronomical sources. With these tests a number of effects 
were studied, such as receiver stability, interference from various 


Sources, and ionospheric stability. 


Bs Repeatability 


An essential quality of all scientific data is repeatability. A 
Simple experiment was performed by repeating an observation and then 
comparing the visibilities recorded. In Fig. 4.1 the two sets of 
visibilities are superimposed and the agreement between the two is 
quite good. The eight strip charts show amplitude versus time for the 
real and imaginary outputs of each interferometer. Four interferometer 
correlations are obtained: Far East antenna and West antenna (FExW), 
Far East and East (FExE), Far West and East (FWxE) and Far West and 
West (FWxW). The observations were made a day apart. The rms 
difference between the two sets of visibilities is less than 6% of the 
amplitude of the visibilities. This result suggested that the 


instrumental stability and ionospheric stability are adequate for 


aperture synthesis mapping. 


Since the source observed, 3C295, is effectively an isolated point 


source at the centre of the field of view (see Fig. 4.6), the 
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visibilities are expected to be constant with time. This is because 
the earth's rotation sweeps the interferometer response pattern about 
field centre and therefore the interferometer Output does not change 
with time. The measured visibilities were constant except for small 
ripples superimposed on the straight lines. These variations repeat 


and are probably due to the weak sources surrounding 3C295. 


Ge Long-term Phase Stability 


A routine part of a synthesis telescope survey is short 
calibration observations to determine the interferometer gains and 
phases. The calibration observation involves observing an isolated 
point source and measuring the amplitude and phase of the visibilities. 
The 408 MHz calibration phases measured during one survey have been 
plotted in Figure 4.2. The calibration source was Cygnus A, which is a 
strong radio galaxy. The phase of each antenna and receiver with 
respect to the Far East antenna and receiver is plotted. The phase 
zero was arbitrarily chosen. The best-fit straight line through the 


data points is also shown. 


Two things can be seen in each of these plots: a gradual phase 
drift, and a scatter around the best-fit line. The source of the phase 
drifts is unknown, but one possible source is aging of components. 

This slow drift is unimportant because the numbers from the calibration 


process are used to correct the visibilities. 
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The scatter of individual points is more worrisome since the phase 
has changed by as much as 5° from one day to the next. This variation 
may be due to effective path length variations in the ionosphere. 
These phase fluctuations can be compared with the phase at 1420 MHz 
plotted in Fig. 4.3. It can be seen that the variation is about a 
factor of 2 larger at 1420 MHz. This result agrees with the 
interferometer phase uncertainties experienced at Cambridge (Baldwin 
and Warner 1979). Low frequency work at other observatories (de Bruyn 
and van der Hulst 1983) suggested poorer phase performance at lower 
frequencies, but that information may not be entirely valid because it 
was obtained at a time when the sun was more active and the ionosphere 
was more disturbed than it is now. The source(s) of the phase 
variation at the two frequencies is not known, but the important 
conclusion that can be drawn is that since the phase stability at 408 
MHz is superior to that at 1420 MHz, then it will be possible to 
produce maps at 408 MHz since good maps are routinely made at 1420 


MHz. 


D. Solar Interference 


The sun is a strong, highly variable radio emitter at 408 MHz and 
can interfere with measurements made during the day. Figure 4.4 shows 
an example of solar interference on the FWxW visibilities. Although 
the antennas were not pointing at the sun, the sun was strong enough to 
be received through the sidelobes and produce significant effects. The 


interference fringes do not appear on the longer baselines because the 
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geometric delay errors are larger and result in greater attenuation 
through decorrelation. Also the sources on the Sun are quite big and 


are resolved out at all but the shortest spacings. 


This effect may limit the usefulness of the telescope for 
observations made during daylight hours. However, in the data 
reduction process, many of the short spacing visibilities are averaged 
together into a small number of u-v plane points, and this strongly 


attenuates the more rapid interference fringes. 


Other synthesis telescopes, such as the Westerbork Synthesis Radio 


Telescope, also have this problem (de Bruyn and van der Hulst 1983). 


ES Man-made Interference 


Interference from man-made radio sources has also been observed. 
Like solar interference, the signals are received via antenna 
sidelobes, but unlike solar interference, manmade signals are 
narrowband (tens of kilohertz) and of short duration. Manual editing 
of the data has successfully dealt with interference at 1420 MHz and 


the same methods will have to be used with the 408 MHz data. 


The narrow band nature of this type of interference is Significant 


because this means that the decorrelation due to time delay errors in 
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the signal paths to the correlator is less effective in attenuating the 
undesired signal. Thus the interference usually appears in all 
interferometer visibilities. The interference typically lasts for 
several minutes, so only a few visibility measurements are ruined. The 
interference is readily identifiable and deleted from the data. 


Effects on image quality are minimal. 


This interference originates from satellites which transmit just 
outside the 406-410 MHz band and sometimes within the band. The 
incidence of interference was reduced greatly after sharp bandpass 


filters were installed following the IF output. 


Ee Cross Talk 


Noise sources common to both receivers in an interferometer cause 
interference because the noise correlates. This interference is called 
cross talk and is observed at close spacings between the Far West and 
West antennas of the SST. The origin of the common noise is uncertain, 
but probable sources include thermal radiation from the ground between 
the antennas, and noise emanating out of one receiver which is picked 


up by the other receiver. 


Test observations were made of 3C295 at a 17 metre spacing to 
measure the cross talk. The interference appeared as fringes. By 


comparing the fringe amplitude to the average visibility amplitude 
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(ie. the flux of 3C295), the flux equivalent of the cross talk was 

found to be 20 Janskys. This interference is present over large hour 
angle ranges. However, it diminishes as the interferometer spacing is 
increased, and it is attenuated in the data reduction process because 


many short spacing visibilities are averaged together. 


G. Telescope Dynamic Range: Observations of 3C295 


The ultimate test of a synthesis telescope is to map a region of 
the sky. Two maps have been made of the region around the radio galaxy 
3€295. One was made with the source at the centre of the field, and 
the other was made with the field centre moved 2.65° north so that the 


source was at a half-power point of the primary beam. 


The two maps were each made with data collected over two nights. 
The eight interferometer spacings were selected so that the spacing 
interval from shortest to longest was fairly constant. However, many 
Spacings were left out and this incomplete interferometer baseline 
coverage resulted in the generation of sidelobes that encircle the main 
lobe of the synthesized beam and are known as grating lobes. These can 
be seen in the map of 3C295 in Fig. 4.5. The map produced is the 
convolution of the sky brightness distribution with the synthesized 
beam. Using a computer algorithm called CLEAN (Hogbom, 1974), it is 
possible to deconvolve the beam with grating lobes from the "dirty" 


map and then reconvolve with a beam that has no grating lobes (the 
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Map of 3C295 Region Before CLEANing 


Figure 4.5 
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“clean” beam). The resulting "clean" map is the same as what would be 
obtained by a telescope that had no grating lobes. This routine was 


used on the map in Fig. 4.5 and the result is shown in rigee4.0. 


Weaker sources that were previously obscured by grating lobes are 
now visible. This test confirms that the telescope has a high degree 
of stability since to properly remove the grating responses, the 
interferometer amplitudes and phases must be well known. Amplitude and 
phase errors would change the actual synthesized beam so that 
deconvolution with the calculated beam (that assumes no errors) will 


not remove the grating rings entirely. 


The weak sources in the map have been identified from surveys of 
this part of the sky (Brundage et al. 1971, Stute et al. 1980). The 
dynamic range of this map is 200:1 and was obtained by comparing the 
amplitude of the strongest source with the weakest source. The peaks 
of the residual errors are also about 200 times weaker than the 
Strongest source. A dynamic range of this order is very good for a 
telescope that does not use more sophisticated gain and phase 


calibration techniques. 


The flux scale varies across the map because the map has not been 
corrected for the primary antenna response. Thea iluxe0te oGz9 oe smo4 
Janskys which corresponds to 22000 units at the centre of the map. The 


synthesized beam width is 4.4 arcminutes in the north-south direction 
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Map of 3C295 Region After CLEANing 


Figure 4.6 
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and 3.7 arcminutes in the east-west direction. The map encloses 


7.4°x7.4° of the sky. 


A second map of the 3C295 region was made, but with the map centre 
moved north 2.65° so that 3C295 was at the half-power point of the 
primary antenna pattern. The CLEANed map is shown in Figure 4.7 with 
identified sources labelled. The flux scale is the same as the 


previous map. 


The amplitude of 3C295 on this map is 8800 units, which is .4 of 
the field-centre intensity. However, one would expect it to be .5 
times the field-centre intensity since it is at a half-power point of 
the primary beam. This discrepancy is due to a phenomenon known as 
radial smearing which is analogous to chromatic aberration in optical 
telescopes. Radial smearing occurs because the effective array size is 
a function of frequency which in turn means that the map radial scale 
is a function of frequency. Since broadband noise is received by the 
telescope, a point source in the sky will produce a point on the map 
only if it is at the centre of the map, otherwise the source on the map 
is broadened in a radial direction from the centre. Since the flux jis 
spread over a greater area on the map, the peak intensity is less. If 
the beam is assumed to be Gaussian, then from a graph plotted by 
Thompson (1982) it can be estimated that the peak flux will drop to 95% 
of its centre value. A value of 80% was obtained in this experiment. 


The difference between the two numbers may be due to the actual beam 
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Map of Region 2.659 North of 3C295 


Figure 4.7 
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Shape, the actual bandpass shape, and errors in the measurement of the 


half-power beamwidth. 


H. Telescope Sensitivity: Maps of the 5C2 Region 


The previous maps have included strong sources and the map 
sensitivities were limited by the dynamic range of the map rather than 
the noise temperature of the receiver. Thus it was desirable to 
observe part of the sky where there are no bright sources in order to 


push the instrument to its sensitivity limit. 


The region mapped is called the 5C2 region and was originally 
mapped at 408 MHz with the Cambridge One-Mile Telescope (Pooley and 
Kenderdine 1968). Two nights were used to map the region in this test 
and the CLEANed map is shown in Fig. 4.8. The source positions and 
fluxes were compared with the original Cambridge survey and with later 
surveys (Gillespie 1979, Pauliny-Toth et al. 1972, Brundage et al. 
1971, Maslowski 1971, Katgert 1975). The numbers by the sources are 
the 5C2 survey number, OM and OL prefixes designate Ohio Survey 
identifications, and other numbers refer to other surveys. 48 sources 


have been identified in this map. 


There are a number of flaws in this map. The first indication of 
this is that the noise level in the map is at least a factor of three 


too high. Thus the number of sources identified is too low. When the 
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Identified Sources in 5C2 Region 


Figure 4.8 
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CLEANed 5C2 Map with Residuals Added 


Figure 4.9 
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Second 5C2 Map with Residuals 


Figure 4.10 


—— 
¢ ; 
4 * 
a s o 
% or a 
a Lag ° 


, | 
a a 
= *. 
af  ] *. 
ie 
a” e 
» °° # 
e °° 
6 
fl 6 - 
r e 
. ese 
¢ .@ oO 
o bi 
a Pa «= 


rama 
> _ 


= 


1M soaibnove® 
OF.b ergit 
a a 7 ~ 
’ ; rt 7 : —_ . 
oe 7 ee 


: a i) - 


= 
~ . 


i 


186 


residuals from the CLEAN process are added back to the map (as was done 
with Figs. 4.6 and 4.7), Fig. 4.9 is obtained. The residuals are very 
large, peaking between 500 and 1000 units, and have a "striped" 
appearance. As shown by Thompson (1982), artifacts of this type are 
due to interference. With this telescope, the most probable 
interference signal is the spurious signal at the centre of the IF 


band. 


A set of simple L-C notch filters were constructed and placed in 
the signal lines preceding the correlator. The filters have notch 
depths between 11 dB and 16 dB with half-power bandwidths of 120 kHz. 
The reduction in sensitivity due to the filters is about 1%. The 5C2 
region was observed again, but for only one night, and the CLEANed map 
with residuals added is shown in Fig. 4.10. Stripes are not present in 
these residuals. This map is plotted at the same scale as the previous 
map. The residual peaks and standard deviation are a factor of 3.4 


larger in the old map than the new map. 


Before the measured map noise levels can be compared with the 
theoretical noise levels, the map flux scale must be calibrated. In 
the map making process, the calibration coefficients were selected to 
give a map scale of 10 units/millidansky (mJy). However, comparison of 
source intensities in the first map (Fig. 4.9) with well-known fluxes 
in previous surveys has given a ratio of 6.8 units/mJy. The source of 


this error is not known for certain, but it may be due to errors 
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introduced by the large residuals. 


For a two-night map, the theoretical rms noise level is 11 my, 
and for one night it is 16 mJy. Using a conversion factor of 10 map 
units/mJy (6.8 units/mJy) the rms noise in the first 5C2 map is 37 mJy 
(54 my) and 11 my (16 my) in the second map. Thus it can be 
concluded that the notch filter has reduced the noise level in the map 


to approximately its theoretical level. 


One further comment should be made about these maps: they were 
made for engineering purposes and have little astronomical value. This 
is because the total observing time was short and hence the amount of 
independent data available to make the map is small. This is 
especially true with the one-night 5C2 observation where a smal] number 
of data points must define a large number of sources. Thus it is not 
surprising to find that some real sources in the first 5C2 map are not 
present in the second map. However, this was a very useful engineering 


test to determine the suppression of the self-interference. 


in A Complete Survey: HB3 Supernova Remnant 


The first complete survey made at 408 MHz was of the supernova 
remnant HB3 and environs. HB3 subtends 70 arcminutes and the 408 MHz 
field also includes the HII regions W3 and W4 as well as another super- 


nova remnant called 3C58. Maps at 38 MHz (45 arcminute beam) and 
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178 MHz (21 arcminute beam) were described by Caswell (1967). It has 
also been mapped at 2700 MHz with a 5 arcminute beam by Velusamy and 
Kundu (1974) and with a 12 arcminute beam by Wendker and Altenhoff 
(1977) and at 1420 MHz with a 9 arcminute beam (Kallas and Reich 1980). 
The complete shell has been observed optically by Fesen and Gull (1983) 
and X-ray emissions have been detected by Galas, Tuohy and Garmine 
(1980) using the HEAO 1 satellite. From these observations it is clear 
that the object is a supernova remnant because of its shell-like 
appearance with a central depression and its non-thermal spectral index 


with a=-0.52. 


These earlier observations have prompted a number of questions. 
HB3 lies to the north west of a "chain" of HII regions composed of W3, 
W4, and W5. It is not yet certain if HB3 is at the same distance as 
the HII regions. If it is, the expanding shock front from the 
Supernova may be interacting with W3. In any case, the true extent of 
the supernova remnant has not been established because the edge of the 
shell is along the same line of sight as the edge of W3. Read (1981) 
has made HI emission maps of the region around W3 and has evidence that 


the neutral hydrogen is being swept up by the expanding shell. 


The observations at 408 MHz are part of an attempt to answer some 
of these questions. The set of maps at the two frequencies can help to 
separate the non-thermal emission of HB3 from the thermal emission of 


the HII region beside it. Only preliminary results will be shown here. 
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Detailed analysis and interpretation are beyond the scope of this 
thesis. Figures 4.11 and 4.12 present the results of the HB3 survey. 
These maps are superior to the previous surveys in a number of ways. 
Most of the earlier maps suffered from poor dynamic range, which can be 
inferred from the fact that they displayed only 3 or 4 contour levels. 
The other main deficiency in the earlier maps is poor resolution; the 
resolution in these new maps is a ethan of three better than previous 


maps. 
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408 MHz Map of HB3 SNR (2X2 degrees) 


Figure 4.12 


, ) 
A 
i a } [i eo, a a 
U ~ 
. / Pig 
a 
— 4 
eo 
: é 54 Pa 
} - . } Lan 
| a 
io SS 
| — = i 
. ay 4 
y | a - 
“i —_ et 
ee 
i 
4‘ at T= 


7 
r 


(veeigeb SKS) BME EGH to qsM 
- aa 


References 


Anastassiou, A., Strutt, M.J.0., 1974, "Effect of Source Lead 
Inductance on the Noise Figure of a GaAs elh 5 Wires, MASE Gye jo kile 


Archer, J.W., 1977, "A Precision Phase-Controlled Local Oscillator 
System for a Millimetre-Wave Interferometer", IREE 16th International 


Radio & Electronics Engineering Convention Digest, Melb “ 
pp100-102 g gest, Melbourne Aug. 8-12 


ARRL, 1974, The ARRL Antenna Book, American Radio Relay League, 
Newington, Conn. 


Baars, J.W.M., Genzel, R., Pauliny-Toth, 1.1.K., Witzel, A., 1977, “The 
Absolute spectrum of Cas A; An Accurate Flux Density Scale and a Set of 
Secondary Calibrators," Astronomy & Astrophysics 61, p99 


Baldwin, J.E., Warner, P.J., 1979, “Fundamental Aspects of Aperture 
Synthesis with Limited or no Phase Information," Image Formation from 
Coherence Functions in Astronomy, C. van Schooneveld (ed.), Reidel, 
Dordrecht, p6/ 


Blythe, J.H., 1957, "A New Type of Pencil Beam Aerial for Radio 
Astronomy", Mon. Not. R. Astr. Soc., 117 p644 


Bracewell, R., 1965, The Fourier Transform and Its Applications, 
McGraw-Hill, Toronto 


Beundage, #RIK., "Dixon, IRAS., CEhmangJeRe, Kraus, JsDey L971) “The Ohio 
Survey Between Declinations of 40° and 63° North", Astronomical Journal 
76 p//77 


Carpenter, D.D., 1973, “The Effects of Time Delays on the Stability of 
Practical Phase Locked Receivers with Multiple Conversion by Utilizing 
Root Locus with Positive Feedback", 1973 IEEE Int. Conf. on Commun., 11 
pp33-14 - 33-19 


Casseand UW Muller, CsAssdl97450" The Synthesis sRadiogielescope jat 
Westerbork. The 21cm Continuum Receiver System", Astronomy & 
Astrophysics 31 p333 


Caswell, J.L., 1967, “Radio Observations of Two Supernova Remnants", 
MortaeNot. FRacAstrncsocs-136 tp ll 


Cooke, H.F., 1982, Introduction to Microwave FETs, Varian Associates 
Santa Clara, CA 


ioe 


f no htnnredal 
S{-8 .pua 


supnad yorah orien SEAR fost onan 88K 9 


aft” ATE oA Seg Saas ae ie asi So muisoat 
ne 02 a DNS a= 
| 4 lt Muaguine 


A ti te “amt cee pie’ heyy: ry 
mit AG) SBIrIOy iat 
, sabtak A 08) aaron of tot so 


othe 194 fatngh. empl Hane? to. sent wok A 
BeOq TEL , 202.722 ofl ee 


,2nojsestigga 2a is movengst so twe4 amt abe A {ts 


witO- edt” £ L ,donit 

tarot falar “nr “42 bes 

to ysritdes? f Yo adoatta oT” , EN 4.0, rae 
daisthiw achimaomantes fattw etevtaas8 bedood 92049 prerobs if : 
LE. .maleD tro Meet peut +" doaddaa4 evisteo4 a pes Ta 


oe 


, oft” ,Ptel — <3 tus “hoeinte ’ 
| “nuvat ‘ | 
rer " "téta It 25h ZA 


oe wo eee etrg eek 1368 i % 


#.4 — gees a noxta 
to 2not tent {aed 


193 


deBruyn, A.G., van der Hulst, J.M., 1983, "327 MHz: Status Report and 
ae Outlook", Netherlands Foundation for Radio Astronomy Note 398, 
une 


Dewdney, P.E., Roger, R.S., 1982, "The HI Cloud Surrounding the 


Emission-Like Star LkHa 101 in the Region of NGC 1579", Astrophysi 
Journal 255 p564 3 » Astrophysical 


Dragone, C., Hogg, D.C., 1963, "Wide-Angle Radiation due to Rough Phase 
Fronts", Bell System Technical Journal 42 p2285 


Fesen, R.A., Gull, T.R., 1983, "The Optical Emission from the Supernova 
Remnant HB3", Pub. Astr. Soc. Pacific 95 pl96 


Fomalont, E.B., 1973, "“Earth-Rotation Aperture Synthesis", Proc. IEEE 
Glept211 


Fomalont, E.B., Wright, M.C.H., 1974, "Interferometry and Aperture 
Synthesis", Galactic and Extra-Galactic Radio Astronomy, Verschuur, 
G.L., Kellermann, K.I. (eds.), Springer-Verlag, New York, p256 


Forward, Reiley Ciscogets¢l2 1983, *"ElectronicallyeCold Microwave 
ne dled Resistors", IEEE Trans. Microwave Theory Techniques MTT-31 
p 


Frater, R.H., Williams, D.R., 1981, "An Active 'Cold' Noise Source", 
IEEE Trans. Microwave Theory Techniques MIT-29 p344 


Galas, C.M.F., Tuohy, I.R., Garmire, G.P., 1980, “Soft X-Ray 
Observations of the Supernova Remnants HB3 and 3C58", Astrophysical 
Journal 236 pL13 


Gardner, F.M., 1979, Phaselock Techniques, Wiley, Toronto 


Gillespie, A.R., 1979, “Observations of the 5C1-5 Survey Areas at 1421 
MHz", Mon. Not. R. Astr. Soc. 188 p481 


Goodman, J.W., 1968, Introduction to Fourier Optics, McGraw-Hill, 
Toronto 


Hacker, P.S., Schrank, H.E., 1982, "Range Distance Requirements for 
Measuring Low and Ultralow Sidelobe Antenna Patterns", IEEE Trans. 
Antennas Propagation AP-30 p956 


Hastang.CeGol.; KheinypleSal tennacsd 3 Stoffel AalsyeWidsons Weber 
Cleary, M.N., Cooke, D.d., Thomasson, P., 1981, "A 408 MHz All-sky 
Continuum Survey I. Observations at Southern Declinations and for the 
North Polar Region", Astronomy & Astrophysics 100 p209 


tet 


wes euteie. be 
eee — seit i wet in 


. deed oo ahcs ee : ; 
ant pegs eae oo GOA .n364 , Yorn 
foo Fengtiqur sel * aM x Jur 


ef 


rend4 AeuoF ay sub inte spies fc ' 
syanraqud oft mont habia» tsa gy aa i A Dewalt sft 


9 

ma 38 

323! .oors ."ereertenye stumegh pesdtvatesrs eter 967 : set , 
} UiSiq 12 : 7 

: 


4 


shy , net , «82 tnofemo4 = 


swayed bog ye TT ISI”, er 
suudoel al, potoney ek orbit stbjutediandi te oné attosisd riieotine : 7 
a 


AG; , 20 wa peele¥erson gd ¢ sabe) oT .m ernie a) . 


ovever3i@ b709 vitextnertoet 2” .é82f 19.7 yoret gade® 
LETT eouptatiast qsoant™ svawots 1 anent 3331 ,"zwdatesh rain 


, S21i00 ran | bef aa ~foet ah 0 gimet ht tw | 
| i, Re soupintrat coset ausworaim. .2087 ris a0 
ee ee ee, 7 
testeyiaon he Peace on EAM xteanme’ avoorsqué sf3 Lia a3 ta i oe 
£ 'S 
ottowet sett gseupradionT srofe2 ong eter ca 


iSot Jo aeush eWWwe, 2.258 oat gy tag are oA 
at 70d 47 


¢ LF EB ha ON aie lilacs jet nobtouborint st 


taps i wt = : 


wal 


an 701% 


194 


Hastams €.G.17. 3 Salter, C.J., Stoffel, H., Wilson, W.E., 1982, "A 408 
MHz All-sky Continuum Survey. II. The Atlas of Contour Maps“ 
Astronomy & Astrophysics Sup. 47 ppl-143 5 


Henyey, L.G., Keenan, P.C., 1940, "Interstellar Radiation from Free 
Electrons and Hydrogen Atoms", Astrophysical Journal 91 p625 


Hertz, D., Jury, E.I., Zeheb, E., 1984, “Simplified Analytical 
Stability Test for Systems with Commensurate Time Delays. 4. [EE-Proc. 
Polmrartelepoe 


Hogbom, J.A., 1974, “Aperture Synthesis with Non-Regular Distribution 
of Interferometer Baselines", Astronomy & Astrophysics Sup. 15 p417 


aes 1982, Radio Regulations, International Telecommunications Union, 
eneva 


Jansky, K.G., 1933, “Electrical Disturbances Apparently of 
Extraterrestrial Origin", Proc. IRE 21 p1387 


Kallas, E., Reich, W., 1980, "A 21cm Radio Continuum Survey of the 
po eae Plane Between 2£=93° and £=162°", Astronomy & AStrophysics Sup. 
Sc Pp 


Katgert, P., 1975, "A Third 1415 MHz Survey with the Westerbork 
Synthesis Radio Telescope: the 5C2 Region (Part I)", Astronomy & 
' Astrophysics 38 p87 


Kiepenheuer, K.0., 1950, “Cosmic Rays as the Source of General Galactic 
Radio Emission", Physical Review 79 p/38 


Koch, G.F., 1973, "Coaxial Feeds for High Aperture Efficiency and Low 
Spillover of Paraboloidal Reflector Antennas", IEEE Trans. Antennas 
Propagation AP-21 p164 


LaGrone, A.H., Roberts, G.F., 1966, "Minor Lob Suppression in a 
Rectangular Horn Antennas Through the Utilization of a High Impedance 
Choke Flange", IEEE Trans. Antennas Propagation AP-14 p102 


Landecker, T.L., 1980, A Proposal for a Low Frequency Continuum Channel 
for the Synthesis Telescope, Dominion Radio Astrophysical Observatory, 
Penticton, B.C. 


Landecker, T.L., Pineault, S., Routledge, D., Vaneldik, J.F., 1982, 
"VRO 42.05.01 - One Supernova Remnant or Two?", Astrophysical Journal 
261 pL4l 


Landecker, T.L., Vaneldik, J.F., 1982, "A Phase-stabilized Local- 
oscillator System for a Synthesis Radio Telescope’, IEEE Trans. 
Instrumentation Measurement IM-31 p185 


- 
- 
we 


(got? pres. 
2001 FAT teas ee 


_ 
Se 5a A wry 7 es 7 = a 
a Naps icimatsleig cnn mere nips cu 2 
Yhbq ah sau pe rerenani _ 
nara enet teotmonmaetal Pen TTS otbent «5 et > 


to Sree taeee east sont oatghao Tat 


oa wiraie mani dood oP «ofS 2! cea a lo 
qué galaytquersan & scninindel » "Soles bas bea needed | 


oma eae Eh 


otioefed faxane® We ooivad. et? zyo8. cimeod") , OEP L: 


Sb wetved 7 

3 | ah WH Pay BY ig 

“iter sak "yori todo 
nt Seno 


40793 
' | 
seh Rte ren ama 


OO SN 
een 


ot ve 0918 


wed g wt lca A nsdn : 


195 


Little, A.G., 1969, "A Phase-measuring Scheme for a Large 
Radiotelescope", IEEE Trans. Antennas Propagation AP-17 p547 


Little, A.G., Hunstead, R.W., Calhoun, G.G., 1966, "A Constant Phase 
Local Oscillator System for a Cross Type Radio Telescope", IEEE Trans. 
Antennas Propagation AP-14 p645 


LEO EW CR 1 982A Digital Signal Processor for a 408 MHz Supersynthesis 
Telescope, M.Sc. Thesis, University of Alberta, Edmonton 


Maslowski, J., 1972, "A Green Bank Sky Survey in Search of Radio 
Sources at 1400 MHz. II. Spectral Properties of the 5C1l and 5C2 
Sources", Astronomy & AStrophysics 16 p197 


Millman, J., Halkias, C.C., 1972, Integrated Electronics: Analog and 
Digital Circuits and Systems, McGraw-Hill, Toronto 


Minnett, H.C., Thomas, B.M., 1968, "Fields in the Image Space of 
Symmetrical Focusing Reflectors", Proc. IEE 115 pl419 


Napier, P., 1982, "VLA 327 MHz Prototype Feed System", VLA Electronics 
Memorandum #206, NRAO, Socorro, N.M. 


Napier, P.J., Crane, P.C., 1982, "Signal-to-Noise Ratios", Lecture #3, 
Synthesis Mapping, Proc. NRAO-VLA Workshop, Socorro, NM, June 21-25, 
Thompson, A.R., D'Addario, L.R. (eds.) National Radio Astronomy 
Observatory, Green Bank, W.V. 


Napier, P.J., Thompson, A.R., Exers, R.D., 1983, "The Very large Array: 
Design and Performance of a Modern Synthesis Radio Telescope", Proc. 
BREE / li pl29s5 


NRAO, 1967, A Proposal for a Very Large Array Radio Telescope, National 
Radio Astronomy Observatory, Green Bank, W.V. 


Ogata, K., 1970, Modern Control Engineering, Prentice-Hall, Englewood 
Clu misses 


Oort, J.H., Kerr, F.1T., Westerhout, G., 1958, “The Galactic System as a 
Spiral Nebula", Mon. Not. R. Astr. Soc. 118, p3/9 


Pauliny-Toth, I.1.K., Shakeshaft, J.R., 1962, "A Survey of the 
Background Radiation at a Frequency of 404 Mc/s", Mon. Not. R. Astr. 
Socpel24,p6l 


Pauliny-Toth, I.1.K., Kellerman, K.I., Davis, M.M., Fomalont, E.B., 
Shaffer, D.B., 1972, “The NRAo 5-GHz Radio Source Survey. [iene 
1420-Ft. 'Strong','Intermediate', and ‘Deep’ Source Surveys", 
Astronomical Journal, 77 p265 


aa Pigs a 28a 


tant toe wy sent gt ste BE 
_sivedth Toogtteseutnt ,2teadT .22.6 i 
out 


aihell te totes? at yovqwe aeato AY .Sier wb 
¢& bas (34 att Yo Sata to) wk "<M GOAL. rod 
azievriagti2A & ynonortzl: | 


bie oefsad seatnondoe!s beds t ,S¥Ol ,.2.9 .2etsist oe 
osnore) ft iP-winda ,emeseye bone zttunit) 


Yo songe ones git at. zbfet 4" eae pane oo, tt 
erbte Sti aa . sted 


aoinovsoets: AN. "rata? bent acne ¥Se Adv” ,S8@f , 
gro ppg oR 


fe otutoel ,"enr rer eriaitap-tengte’ Be GROL ..9,4 ,enbtd an 


wr oe Bite Ped ia Sa 


eA opel anetoght” 6605 yd wars x a ranowe a - 
5018 aie stint vesting om vo sonserit gona ne 


Tensitet reads ibaa WnRA aened 0 Pee ae 
Vi .Anel nged wiotswiaed? 


hoowsfpnd . .f (aHeer tnd) pareentgnd Tor009 eae 
‘ear; 


6 2s maaene cette eo eB soar ge ic wtlaale 
* Pt fe 


_ 


196 


Percival, W.S., 1939, "An Electrically 'Cold' Resistance", Wireless 
Engineer, May 1939, p237 


Pooley, G.G., Kenderdine, S., 1968, "The 5C2 Survey of Radio Sources", 
Mon. Not. R. Astr. Soc. 139 p529 


PUIGONem Gr. het 1983, Proposal for Observations with the Synthesis 
Telescope, Dominion Radio Astrophysical Observatory, Penticton, B.C. 


Rahmat-Samii, Y., 1983, "An Efficient Computational Method for 
Characterizing the Effects of Random Surface Errors on the Average 


nod Pattern of Reflectors", IEEE Trans. Antennas Propagation AP-31 
p 


Read, P.L., "HI Aperture Synthesis Observations Towards Galactic HII 
Regions - II. W3", Mon. Not. R. Astr. Soc. 194 p863 


Reber 940s COSMICHotatiCceeProc. [EERS28) p63 
Reber, G., 1944, "Cosmic Static", Astrophysical Journal, 100 p279 


ROGGG meso 5) GOStAIN, CoH. sedcey.. v.D., Landecker.=1.L.. BOWenrS.aheKks, 
1973, "A Supersynthesis Radio Telescope for Neutral Hydrogen 
Spectroscopy at the Dominion Radio Astrophysical Observatory", Proc. 
PEEEROMe pi2/0 


Ryle, M., 1962, "The New Cambridge Radio Telescope", Nature 194 p517 


Saleh, A.A.H., 1981, "Planar Multiport Quadrature-like Power 
Dividers/Combiners", IEEE Trans. Microwave Theory Techniques MTT-29 
p332 


Scheffer, H., 1975, "Improvements in the Development of Coaxial Feeds 
for Paraboloidal Reflector Antennas", Paper Bl/2, 5th European 
Microwave Conference, Hamburg 


Shimozawa, D.1., 1968, Coherent Local Oscillators for a 21 cm 
Supersynthesis Experiment, MASc Thesis, University of British Columbia, 
Vancouver 


Silver, S., 1949, Microwave Antenna Theory and Design, McGraw-Hill, 
Toronto 


Steer, D.G., 1984, "A Study of Image Recovery Techniques for Radio Long 
Baseline Interferometry", Ph.D. Thesis, University of British Columbia, 
Vancouver 


sas : - 7 
zestoulw «“eanetat zed ‘oraa! ytteats gut 3 


| | ; 
. eeriued othel te erie SH “ee 832 


atoodan2 and Wyte snot sewreadd ra: a fae of” an 
AB nase tie iqwscemedd ita De ste oT 


197 bwrttum terol rasiqne3 weishata oat “peer mish 
sps2ew af? ao @20792 eaets Ye, es2eTT] Bala f 
1€.4H notgepaqart zannesoA. neat Hi. Penna! Tew: msits' ; 
ery 7 er ae 


1) . 


chy oFase len sage vere om scenes + tH" ici - 


i $8 wr sania cot ange! i enact £1 oh 
UVSq OL. _twerwwol Fasheedtentin d “ete? >tmea2* .er +0 3008 
4a? ,2teeae “4h T ,,Stostees ,.0.b ,vemet eed, nbesat” ented g aa 
wepotbyl Tetgual 707 4uoueets et ofbs® eteodanyetsque A” ,t : 
save. 5 ‘yroreevasa0 tyateqivensah ouyee epee eit ur cae 7 
<4 } fe 
{idw Sef snus, (Saooeel it orhed aptidme? wéth.ont” + lever -ichcetaa 


vewoy satf-sutecbeut proghstum yenela" [Ree HALA Hotes 
weenie ——— yroaAT aoe séney) 33931 4 *angaldaat\areb hid. - 


2yqa? [stanad Yo divindotpeet ens nb eioomevorgal™ 


negates Ase ,S\IS vaqge® ,"zeanst ib ag A shh 


ee v frao eiudne ,sonerretd er 
aa £8 6 70% were! Ife hand jnerefto) ,Ga8! 7.0. 
_stdiwtod Hattie Yo a) .2teedt o2ht dosage 2 tena 


® 
2» 


ond 
TTF Heb 79M sis ‘ne (ped annesnh sonst tl 
ieee: | 


jn el «OC 
i mi elect : ; 


a8 
ca 
- iit 
ay 
> 


a 


197 


Stute, U., Reich, W., Kalberla, P.M.W., 1980, “High Dynamic Range 
Observations in the Fields of Strong Extragalactic Radio SOUnCESias 
Astronomy & Astrophysics Sup. 425 peg 


Swarup, G., Yang, K.S., 1961, “Phase Adjustment of Large Antennas", IRE 
Trans. Antennas Propagation AP-9 p75 


Thompson, A.R., 1981, "Directional Frequency Offsets in Round-trip 
Phase-measuring Schemes, With Application to the IRAM Array and the 


VLA", VLA Electronics Memo #202, National Radio Astronomy Observatory, 
Socorro, N.M. 


Thompson, A.R., D'Addario, L.A., 1982, "Frequency Response of a 
Synthesis Array: Performance Limitations and Design Tolerances", Radio 
Scvenceml/epso/ 


Thompson,A.R., 1982, “The Effects of Bandwidth and Similar Parameters", 
Lecture #5, Synthesis Mapping, Proc. NRAO-VLA Workshop, Socorro, N.M., 
June 21-25, Thompson, A.R., D'Addario, L.R., (eds.), National Radio 
Astronomy Observatory, Green Bank, W.V. 


Thompson, A.R., 1982, "The Response of a Radio-Astronomy Synthesis 
Array to Interfering Signals", IEEE Trans. Antennas Propagation AP-30 
p450 


van der Hulst, H.C., 1945, “Herkomst der radiogolven uit het 
wereldruim", Nederlandsch Tijdschrift voor Natuurkunde 1] p210; or in 
English, Classics in Radio Astronomy, SUllivan, W.T. (ed.) Reidel, 
Dordrecht, p302 


Velusamy, T., Kundu, M.R., 1974, "Observations of Intensity and Linear 
Polarization in Supernova Remnants at llcm Wavelength", Astronomy & 
Astrophysics, 32 p37/5 


Weinreb, S., Fenstermacher, D.L., Harris, R.W., 1982, “Ultra-low-noise 
1.2-to 1.7-GHz Cooled GaAsFET Amplifiers", IEEE Trans. Microwave Theory 
Techniques MIT-30 p849 


Wendker, H.J., Altenhoff, W.J., 1977, "A 2695 MHz Map of the IC1/95 
1805/1848 Region", Astronomy & Astrophysics 54 p301 


.? 
& Ye sandges" yanoupss?” otebba't « 
ofbsh ,“2e5netelol nptze! dite znot Fasstat "Sediment 


, “2t626ne169 Pe tna htc tb gerites ro 


te eae ool a 
ofbea ¢ seh, sg 1G ps : 
noe Oot x Spend 
1 pag ariye aiildind tn sabi sit SBOL ,.8.A nozqmodT 
AAA heat zenagior .ansyt 3331 .“efangte peso 03 | 
is the De 


wab temoryoH” AML ,. tefuk eb asy 
nt ao posh A CW stindoebhit , “mid fergw 
_labtat (ie) 7.8 neeeT (U2 pgmonei2A efhes ot 2rtzest3 a 

| nel 6 S0Sq., 


: eG? arr .'44 Ths of iG 


ae ote, ; 6 joa ul MOL aM, ee en pe eri | 

ror 

ae ee SE Fone wate 
ee ee om 


aeNiG) ond al re <V@d ratty ponte sYiodnotiA ,.6, 
2h <"notgen’ 


Fis carvers tt 
tiky 
i 


egal rage 
Heteta 
ty 


i i 


tre 
babel 


ee 
Shea 
F480 ebAee a 


k 


Co eaal a 
pea uni 


(% 
bleh ety 
da hat 
ben pep bae 


